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A NUMERICAL EVALUATION OF 
PRELIMINARY ORBIT DETERMINATION METHODS 
By Wi l l iam F. Huseonica 
John F. Kennedy Space Center 
SUMMARY 
Solutions from twelve dif ferent Preliminary Orbit Determination Methods using data 
from two wel l  defined orbits are presented. A number of  different solutions were obtained 
from each method when the angular difference (true anomaly) between observation data was 
varied from several degrees to  one complete revolution. The failure to  converge and the 
numerical error propagation are indicated. The computation time and total computer core 
required for each PODM is  tabulated. A computational algorithm was used t o  adapt in-  
ert ial  position, velocity, and time input data to angular, range, range rate, and time input 
data from several different observation stations. A general FORTRAN code and a com- 
puter program flowchart are documented and can be ut i l ized wi th  computers other than the 
Scient i f ic  Data Systems 930 used in  these solutions. 
INTROD UCTlON 
I n  preliminary orbit  determination (the f irst approximation of  the orbit) it i s  d i f f i cu l t  
t o  select a method which could be considered the best Preliminary Orbit Determination 
Method (PODM). The best method can be determined by considering several factors of in-  
terest to the particular analyst selecting an orbit determination method. These factors are: 
Which method i s  the fastest from a computational point of  v iew? 
Which method has the least numerical error propagation? 
Which method experiences the least convergence di f f icul t ies ? 
Which method w i l l  function most effect ively wi th  the observation data 
avai lable (position, angles, range, range rate, and time)? 
Which method can give the best numerical results from orbits of varying 
eccentr ici ty and semimajor a x i s ?  
Which method gives the best results from observation data having small and large 
true anomaly angular differences ? 
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Data presented i n  th is report form the solutions of  twelve different PODMs and w i l l  
help i n  determining the best method for a given application. The twelve different PODMs 
encompass classical methods used i n  determining the motion of  heavenly bodies and pres- 
ent day methods used in  a r t i f i c ia l  satel l i te PODMs. These PODMs are found in computa- 
t ional algorithm form (Escobal, reference 1). The algorithms were programmed i n  a 
FORTRAN II code and the calculations were accomplished on a Sc ient i f ic  Data Systems 
(SDS) 930 computer. 
The PODM input data were derived from two wel l  defined orbits (with perturbations 
and differential corrections) of common occurrence for a r t i f i c ia l  earth satel l i tes. One 
orbit has low eccentr ici ty wi th  a small semimajor axis; the second orbit has a higher 
eccentricity and a larger semimajor axis. 
DISCUSSION 
Symbols and Abbreviations 
Because the nomenclature used wi th in  the f ield of  PODM is  so extensive and non- 
uniform from text to  text, a l i s t  of  symbols and abbreviations i s  included (appendix A). In  
addition, the unit vectors and orientation angles of the orbital plane are i l lustrated i n  
appendix A, figure 1. 
P 0 D M C om putat i o na I A I go r i t h ms 
The twelve PODMs computed in  th is evaluation use various types o f  observation 
data necessary for a solution or preliminary determination of the orbit. Lambert-Euler, 
F and G series, Iteration o f  Semiparameter, Gaussian (time and position), and Iteration of  
theTrueAnomaly PODMs use inert ial  position vectors ( x i ,  y1, zl, and x2, y2,  22) and 
their corresponding universal times ( t l  and t2) as the input data. Method of  Gauss (angles), 
Laplace, and Double R-Iteration PODMs require right ascension ( 1 and declination ( 6 1 
from three different stations and their corresponding universal t imes. Observation stat ion 
data such as longitude, latitude, and elevation are also required. The remaining PODMs 
(Modified Laplacian, R-Iteration, Trilateration, and Herrick-Gibbs) require mixed data 
inputs. The mixed data inputs are selected from right ascension, declination, range and 
range rate along wi th  the observation station data. Further discussion of these PODMs 
can be found in  references 1 and 3. The computational algorithms for these PODMs are 
given i n  equations (1) through (439) i n  appendixes B through M. 
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Special considerations that must be given i n  the computational algorithms for retro- 
grade orbits have been deleted. A l l  orbits to be determined i n  th is  evaluation are those 
i nvo Iv i  ng d i rect motion. 
I n  nine of  the PODMs an iteration of equations i s  involved which produces an itera- 
t i ve  function that must be driven t o  zero or a lesser specified tolerance, i.e., epsilon. 
For th is evaluation, a number of  lo-'' was selected and i s  in l ine wi th  the signif icant 
figures involved with the input data as wel l  as the PODM solutions. This  value for epsilon 
eliminated the need for extended range accuracy i n  the computer solutions. 
Input data for these nine PODMs were derived from two National Aeronautics and 
Space Administration (NASA) earth-orbited satell i tes, OSO- i i l  and Relay-l l .  These 
satel l i te orbits w i l l  be used as the bases for evaluation of  the PODMs. The OSO- I l l  orbit 
has an eccentricity of  0.00216 and a semimajor axis of 4,306.81 miles; Relay-l I  orbit 
eccentr ici ty is 0.24115 and semimajor axis i s  6,915.52 miles. The incl ination angles 
are 32.863 degrees and 46.323 degrees for OSO- I l l  and Relay-l l  respectively. Addi- 
t ional orbital elements for these satel l i tes are specified i n  appendixes N and 0. Orbital 
data were furnished by the NASA Goddard Space Fl ight  Center (GSFC), Greenbelt, 
Maryland. Observation data were received from the various NASA tracking stations 
(references 5 and 61, and the resultant inert ial  position and velocity vector data for each 
minute of two complete revolutions for both orbits were generated from GSFC R083 Orbit 
Generator Routine-3 (references 7 and 8 ) .  The tracking stations and coordinates are 
l isted i n  appendix P. 
The inert ial  posit ion vector data and corresponding universal t ime obtained from 
OSO- I l l  and Relay-l I  orbits can be used as input data for the f ive PODMs using position 
and time inputs. However, these data must be modified to  define range, range rate, and 
angular data to  be used as an input for the remaining seven PODMs and to  maintain a wel l  
defined orbit on which t o  base an evaluation o f  a l l  PODMs. A computational algorithm 
developed to  find p , 6 , a , and 6 is  detailed in appendix Q, equations (440) through 
(459). Results from this computational algorithm can be selected and applied t o  the 
s.even PODMs requiring angles only and mixed data. 
The PODM computational algorithms terminate when the inert ial  position and 
velocity vector for a corresponding observation point i s  determined; the orbit i s  then con- 
sidered determined. In  many cases, the classical orbital elements may serve t o  better 
i l lustrate the signif icant changes i n  the evaluation of the PODM. Therefore, a computa- 
t ional algorithm that solves for the classical elements (semimajor axis, a; eccentricity, e; 
inclination, i; longitude o f  the ascending node, n; argument o f  perigee, w ;  and time o f  
perifocal passage, T) from the posit ion and velocity vector i s  detailed i n  appendix R,  
equations (460) through (480). Th is  algorithm i s  computed subsequent t o  the determination 
of  the inert ial  posit ion and ve loc i ty  vector of each PODM. 
3 
Computer Program Language 
To faci l i tate th is evaluation, the most obvious tool  i s  the digi ta l  computer. The 
computational algorithms discussed i n  the previous paragraphs are readi ly translatable 
into a program language for communicating with digital computers. The FORTRAN II 
language was used because it i s  not real ly a single computer language. Rather, it i s  a 
family of  similar languages, or dialects, with one or more being developed for each class 
of digital computer. A later generation of FORTRAN (FORTRAN IV) w i l l  further minimize 
the difference in  th is  language for each class of computer (reference 2). The FORTRAN 
language provides engineers and scientists wi th  an eff icient and eas i ly  understood means 
of writ ing programs for computers. 
Computer Program Flowcharts 
In  preparation for the programming of each computational algorithm, a program f low- 
chart was constructed. The flowchart describes the code sequences that accomplish the 
processing of information to obtain the desirable result. I n  programs involving a great 
number of statements, it becomes cumbersome to follow the sequence of  written statements. 
Since written Statements can be stated or can proceed in  a variety o f  ways, flowcharts are 
excel lent for conveying procedural concepts. 
The value of  flowcharts i s  futher enchanced by consistency i n  the graphical conven- 
tions used. The conventions used i n  th is paper are found in  appendix S and were primarily 
adopted from reference 4. 
Flowcharts describe the code sequences as written from the computational algorithms 
(appendixes B through MI .  The information wi th in  the flowchart symbols i s  the FORTRAN II 
code description o f  the expressions i n  the algorithm and i n  the program l ist ings.  Only state- 
ments conveying procedural concepts ate presented i n  the flowcharts. 
Computer Program L is t i ng  
For each PODM computed there i s  a computer program l ist ing (appendixes B through MI .  
The program l ist ing i s  a sequence of FORTRAN language statements used in  computation 
of  the PODM. The program l ist ing i s  a copy of the source language translated to  machine 
code by the computer processor. The program l ist ing serves as an indicator for the 
diagnostic report from the computer during the program debugging procedure. The algorithms 
are programmed in  FORTRAN II for use with SDS Series 930 computer (references 9 and 101, 
but the output of  the mil l isecond (run-time) clock on the SDS 930 was programmed in  SDS 
Meta-Symbol language. The run-time clock ta l l ied  and obtained the total  t ime necessary 
t o  compute the PODM programs by a program subroutine identi f ied as IT IME.  This  sub- 
routine used the programmed statements indicated on the program l ist ing by S (SDS Meta- 
Symbol language). The mill isecond clock was in i t ia l ized by I T I M E  = 0 and incremented 
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each mil l isecond by the ITIME subroutine and would subsequently be printed out upon 
command a t  the conclusion of  a block o f  computed programmed statements. Th is  procedure 
was accomplished several t imes during the computation of each PODM program i n  order t o  
obtain only computation t ime and not t ime required for READ and PRINT statements. 
Discussion Summary 
The PODMs used for evaluation were found basical ly i n  reference 1, Escobal. They 
were programmed i n  FORTRAN II and SDS Meta-Symbol for use i n  the SDS 930 computer. 
Prior to  programming, the procedural concept was established wi th  flowcharts. The two 
reference orbit data were obtained from GSFC. The data were adapted to  input data for 
angles only and mixed data PODM by a computational algorithm that was programmed and 
computed prior t o  the PODM computations. A l l  PODM computations were accomplished 
on the SDS 930 computer. However, selected programs were successfully compiled and 
computed on an I B M  1800 and an I B M  360 wi th  only sl ight modifications. The compila- 
t ion  of  algorithms, flowcharts, and computer program l ist ings used to  conduct th is  evaluation 
of  twelve PODMs are detailed i n  appendixes B through M. 
RESULTSANDCONCLUSIONS 
The inert ial  posit ion and velocity orbit data wi th  their corresponding times from 
epoch used in  th is PODM evaluation are l is ted i n  tables 1 and 2 for OSO- I l l  and Relay-Il 
satel l i tes, respectively. A lso contained wi th in  these tables i s  the change in true anomaly 
angle of each data point referenced to  data point 1. Data points contained in  these tables 
are the data points used for the inert ial  position and time PODM inputs. The same data 
points were used in  the generation of data inputs by the computational algorithm for range, 
range rate, and angular data for the angles only and mixed data PODMs (appendix Q). 
The evaluation w i l l  consider the inert ial  position and time PODMs separately fromthe angles 
only and mixed data PODMs because suff icient differences exist  i n  the computational 
algorithms and the practical usage of these PODMs. 
Posi t ion and Time PODMs 
The PODMs which use inert ial  position vectors and their corresponding times are 
found i n  appendixes B through F. These algorithms were applied using a l l  data points 
referenced from data point 1 i n  tables 1 and 2. The computational algorithms for inert ial  
posit ion and time PODMs conclude by computing an inert ial  velocity vector corresponding 
to  one of the times for which an input o f  inertial posit ion i s  known. This  inert ial  posit ion 
and velocity vector and the corresponding time are suff icient to  consider the orbit determined. 
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Subsequent to  determination o f  the inert ial  velocity vector, the c lass ica l  orbital elements 
are computed by using the computational algorithm contained i n  appendix R. The results 
o f  these computations are detailed in figures 2 through 11 and tables 3 through 17. 
Figures 2 through 11 are detailed plots of the computed inert ial  velocity vectors i n  
the - - -  k ,  $, 2 components versus the true anomaly angular difference between input data com- 
ponents from tables 1 and 2. The true anomaly angular difference, of  position and time 
PODM, i s  the angular difference between two inert ial  posit ion vectors (figure 12). The 
true anomaly angular difference was varied from 3.8 t o  360 degrees for OSO-I l l  orbit 
and from 2.5 to  360 degrees for Relay-l l  orbit for convenience in  adapting the same data 
t o  the angles only and mixed data PODM wi th  consideration t o  station locations. A plot 
of  the number of  iterations required for the iteration loop wi th in  the PODM compuational 
algorithm for each set of data input used i s  also contained in  figures 2 through 11. Tables 
3 through 12 are the tabulated results which are plotted i n  figures 2 through 11. 
For example, i n  figure 2, results of Lambert-Euler PODM for OSO-Ill ,  at 10 degrees 
difference in  true anomaly the inert ial  velocity vectors are as follows: k i s  -0.67100 
CUL/CUT; j l  i s  0.45242 CUL/CUT; and i s  -0.51970 CUL/CUT and the predicted 
number of  iterations is seven. The nominal values are indicated for each component. 
A lso denoted is the true andmaly angular difference beyond which the program fai ls t o  
compute and yield satisfactory results. 
A comparison i n  each case of the computed resultant classical orbital elements, 
wi th  respect to  the nominal values obtained from appendixes N and 0, i s  l isted i n  tables 
13 through 17. Both the computed results and the nominal values from the reference orbit 
are referenced to  the same time o f  epoch as denoted i n  tables 1 and 2. 
Each PODM program l ist ing as found in  appendixes B through F requires a definite 
number of words avai lable i n  the computer core before a successful computation can be 
accomplished. Table 18 l ists the number of 24 -b i t  words required in the computer core 
of  the SDS 930 computer for variables, statements, and subprograms necessary for 
compuation of  each PODM. The number o f  core words required can vary and may depend 
on the programming eff iciency of  the programmer. One programmer may be able t o  accom- 
pl ish the same task wi th  fewer core words than another programmer. 
Another factor which can vary the computer core requirements i s  the eff iciency of 
the computer manufacturer's l ibrary o f  translations o f  FORTRAN to machine language. I n  
comparing the posit ion and time PODMs, the core requirements for each PODM vary l i t t l e  
except for the F and G Series (4649 words) requirement. 
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I I 
The time necessary to compute the computer coded program l ist ing of  each PODM 
was evaluated by printing time from the computer clock ( IT IMEI  at  the conclusion of a 
block o f  computations, ignoring the  t ime necessary for READ and PRINT statements. The 
method used can be found i n  the computer program l ist ing.  The computation time required 
for each PODM is  l is ted in table 19. The total t ime required for computation o f  each 
program with only one iteration ranges from 16 to  2 1  milliseconds, with F and G series 
being slowest and Lambert-Euler being fastest. The F and G series i s  slowest and 
Lambert-Euler. and Gaussian PODMs fastest when comparing the t ime required for each 
additional iteration computation loop. However, the total t ime for computation during 
practical application of  these PODMs i s  a function also of  the rate of convergence. The 
average number of iterations required for the PODM iterat ive loop t o  converge i s  l is ted in 
table 20. Although the F and G series is slowest when computing for a l l  portions of the 
algorithm, it is fastest i n  i t s  ab i l i t y  t o  converge. The averages i n  table 20 considered 
only the data points for which the PODM yielded satisfactory results; i .e./ the averages 
were computed from results of the PODM over true anomaly angular ranges which yielded 
acceptable solutions. The radius vector spread of  the data input must be considered when 
choosing a PODM for a minimum computation t ime for a particular orbit because the con- 
vergence of the iteration loop i s  a function of the true anomaly difference. 
Ease of convergence. - The ease of convergence of  each PODM i s  indicated i n  
table 20. The shape of  the orbit appears to  have some effect on the ab i l i t y  of the PODM 
to  converge. Lambert-Euler, F and G series, and Iteration of  True Anomaly PODMs 
decrease in  ab i l i t y  to converge for an orbit with a larger semimajor ax is  and higher eccen- 
t r i c i t y  while Gaussian and Iteration of  Semiparameter PODMs increase. 
The radius vector spread (true anomaly angular difference) over which these PODMs 
are l i ke ly  to yield best results i s  concluded in  tabie 21. The best result i s  a function of  
ease of convergence and accuracy. 
Error propagation. - The posit ion and time PODM that has the least error propagation 
i s  not-veadily distinguishable. There are relat ively small differences i n  the propagation 
o f  error as indicated by the graph of inert ial  velocity versus true anomaly angular differ- 
ence i n  figures 2 through 11. The profi le of error i n  computing the inert ial  velocity i n  
a l l  PODMs appears the same unt i l  the radius vector spread becomes excessive for accept- 
able PODM results. The data also indicate that an optimum in  radius vector spread for 
the most accurate computed velocity vector for these PODMs i s  20 to  30 degrees. 
Discussion of results. - In comparing the f i ve  PODMs using posit ion and time input 
data, the results indicate that the optimum PODM i s  the  Lambert-Euler followed by 
Iteration of  Semiparameter, Iteration of True Anomaly, Gaussian, and F and G series. 
The optimum was a compromise between computation time, ease of convergence, and best 
overall accuracy considering radius vector spreads up t o  360 degrees. These comparisons 
were made from the results o f  two different orbits; OSO-I l l  and Relay-11. Table 22 
indicates the standing of  each PODM for consideration for determining the optimum. 
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Angles Only and Mixed Data PODMs 
The PODMs using angles only and mixed data are found i n  appendixes G through M. 
These algorithms require a combination of three stat ion observations o f  right ascension, 
declination; range or range rate, and their corresponding times from epoch i n  a topocentric 
coordinate system for a solution. The station location data i s  also required and i s  found 
in  appendix P. From each data point i n  tables 1 and 2, values for range, range rate, 
declination, and r ight ascension were computed for several different stations using the 
computational algorithm found i n  appendix Q. These data are detailed in tables 23 and 
24 for OSO-Ill and Relay-11, respectively. Tables 23 and 24 consti tute the required 
input data to  the angles only and mixed data PODMs being evaluated. 
These PODMs require three observation data inputs for a solut ion and the observa- 
t ion station location data. There is also a requirement that the stat ion observation data 
be from either three separate stations a t  three different times, or one station at three 
different times from epoch, or three stations wi th  data input resolved to  a common time 
from epoch. The number of stations required i s  determined i n  the computation algorithm 
by the input data necessary before a solution can be obtained from the PODM. The data 
points and observation stations combination used in computing results for evaluation of 
these PODMs are specified in tables 25 and 26. 
The inert ial  ve loc i ty  component results of these computations are specified i n  tables 
27 through 39. These tables present the inert ial  velocity vector components - -  x, y, and - 
with reference to inert ial  velocity vector of the nominal orbit from tables 1 and 2. A com- 
parison i n  each case of  the resultant classical orbital elements, wi th  respect t o  the nominal 
values of the elements from appendixes N and 0, is specified i n  tables 40 through 44. 
Both the computed results and the nominal values from the reference orbit are 
referenced to the same time of epoch a s  denoted i n  tables 1 and 2. 
Table 18 indicates the computer core requirements for the program l ist ings contained 
i n  appendixes G through M and Q. The requirements range from 3525 words for Herrick- 
Gibbs to  5254 words for Method o f  Gauss. 
Computation time. - The computation time required for each PODM is specified in table 
19. Twoof  the PODMs in th is table, one under mixed data and the other under angles only, 
dif fer from the others. Herrick-Gibbs PODM has no iteration loop and i s  fastest from the 
computation time; Gauss PODM has two iteration loops and i s  the slowest. The total com- 
puting time required ranges from 13 t o  26 mill iseconds when only one pass through the 
iteration loop i s  present. Time for each additional pass through the iteration loop ranges 
from 5 to  9 mill iseconds. 
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The average number of  iterations of  each PODM, using both OSO-Ill and Relay-ll 
orbits, i s  specified i n  table 45. Herrick-Gibbs and Tri laterat ion PODM do not have an 
iteration loop. However, Tri laterat ion does have a branch which i s  computed twice t o  
determine best approximation for the inert ial  posit ion vector. Neither has an iteration 
loop computation t ime which can be compared with the other PODMs. O f  the remaining 
PODMs which have iteration loops, Laplace and Modified Laplacian are the fastest at  
5 mill iseconds for each iteration loop while the Double R-Iteration PODM is  slowest at  
9 mill iseconds. 
Ease of  convergence. - The radius vector spread between - r 1 to  - r and - r 3 for 
data inputs to  the PODM was 3.8 t o  360 degrees for OSO-Ill and 2.5 t o  360 degrees 
for Relay-l l .  Considering the data points which yielded satisfactory results to  define the 
orbit, table 45 indicates the d i f f i cu l ty  i n  convergence. Double R-Iteration and Laplace 
(angles only) iteration loops did not converge i n  the al lotted number indexed i n  the pro- 
gram (maximum number o f  iterations allowable is 25). It becomes apparent that changes 
are required i n  refining the iteration loop from either a mathematical or programming view- 
point or that observation station geometry i s  cr i t ical .  From these two PODMs (Double 
R-Iteration and Laplace) only one set of results from each came close to resembling 
OSO-I l l  or Relay-l I  orbits. As presented, these PODMs have di f f icul ty i n  converging 
and require additional information. 
The three remaining PODMs which have iteration loops (Method of Gauss, Modified 
Laplacian, and R-Iteration) have a greater ease of  convergence wi th  data from OSO-Ill 
orbit, having a lower eccentr ici ty and semimajor axis, than wi th  the data from Relay-l I  orbit. 
The convergence question does not arise i n  Herrick-Gibbs or Tri laterat ion PODMs 
since no iteration loops exist. 
Error propagation. - Error propagation i n  the angles only and mixed data PODMs 
have no characteristic prof i le as i n  the case of the posit ion and time PODMs. Many 
factors may contribute to  the inconsistency of error propagation and overall accuracy of 
results. 
One factor i s  that station observation data was generated by a. scheme from inert ial  
posit ion and velocity data and not by direct station observations. The geometry established 
between the observing stat ion and the orbiting body may also be a cr i t ical  factor. The 
l imited number of  data points avai lable and used may yield results not completely represen- 
tat ive of the PODM error propagation. However, after such considerations, a l l  PODMs 
used the same input data for the results being discussed. I f  an error propagation profi le 
can be established suff ic ient ly it would appear to  be similar i n  the Herrick-Gibbs, Method 
of  Gauss, Modif ied Laplacian, and R-Iteration PODMs. The Double R-Iteration and 
Laplace PODMs have no distinguishable error prof i le. 
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A more accurate and complete set of results exist  from the Relay-l l  orbit input data 
t o  PODM than exists from the inputs used from the OSO-Ill orbit .  It appears that an orbit 
w i th  larger semimajor ax is  and eccentricity is more readi ly computable for acceptable results 
over a greater radius vector spread than an orbit of  lesser semimajor ax is  and eccentr ici ty 
(Relay-ll versus OSO-Ill). The PODM with the best overall accuracy wi th  a radius vector 
spread ( u 1 t o  360 degrees i s  specified i n  table 46. 
Discussion of  results. - In comparing each PODM using angles only and mixed data, 
the optimum PODM was determined t o  be Herrick-Gibbs followed by Modif ied Laplacian, 
Method of  Gauss, R-Iteration, Double R-Iteration, and Laplace. The optimum was a 
compromise between the computing time, ease of  convergence, and best overall accuracy 
considering radius vector spreads up to 360 degrees. These comparisons were made using 
the results of OSO-Ill and Relay-l l  orbits. Table 47 indicates the rank of  each PODM 
under several classif icat ions. 
A contrasting difference i s  apparent when comparing the angles only and mixed data 
PODMs i n  that the schemes converge more easi ly wi th  an OSO-Ill type of orbit .  However, 
acceptable results are more readi ly attainable over a greater radius vector spread with 
the Relay-II type orbit. 
Tri laterat ion 
Tri laterat ion PODM i s  unique i n  that it requires three different station observations 
at  the same time. The geometry o f  the three stations i s  very cr i t ical  for obtaining accurate 
results. A computed set of results for OSO- I l l  and Relay-l l  orbits are detailed i n  table 39. 
The results of  Relay- l l  are more accurate than those o f  OSO-I l l .  Th is  follows the same 
trend as the other PODMs using angles only or mixed data. Also,  Tri laterat ion does not 
have an iteration loop and, wi th  the requirement of simultaneous observations, it makes 
this PODM suff ic ient ly different to  refrain from comparing it direct ly wi th  other PODMs. 
Total computation time for Trilateration PODM was 17 mill iseconds. 
Conc Ius ion 
Solutions from twelve different PODMs using data from two wel l  defined orbits are 
presented. A number of solutions were obtained from each PODM when the angular d i f -  
ference (true anomaly difference) between observation data was varied from several degrees 
t o  one complete revolution. The PODMs evaluated use combinations of  inert ial  position, 
angels, range and range rate, and corresponding universal times as input data. The corn- 
putation time required for each PODM is  tabulated for a nearly circular orbit w i th  a small 
semimajor ax is  and one of higher eccentricity and a larger semimajor ax is .  
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I n  comparing the f ive PODMs using posit ion and time imput data, the results indicate 
that the optimum PODM i s  the Lambert-Euler. Herrick-Gibbs i s  the optimum of the seven 
PODMs using angles only and mixed data. 
A computational algorithm was used to  adapt inert ial  position, velocity, and time 
input data to  angular, range, range rate, and time input data from several different ob- 
servation stations. A general FORTRAN code wi th  program l ist ings and computer program 
flowcharts is.documented and can be ut i l ized wi th  computers other than the SDS 930 used 
i n  these solutions wi th  only sl ight modifications. The computer core requirements for each 
program l ist ing presented i s  tabulated. 
The PODMs using inert ial  posit ion and universal t ime input data y ie ld solutions to  
the intercept, rendezvous, and interplanetary transfer problems of trajectory analysis. 
The angles only PODMs are the more c lass ica l  PODMs which solve for fundamental orbital 
elements using the observer as main participant. Standing on a given location on the 
central planet of the orbiting body, an observer can measure the angular coordinates and 
determine the orbit. Wi th  the introduction of radar, the mixed data techniques are attrac- 
t ive to  the trajectory analyst. The slant range from the observer to  the satel l i te i s  obtain- 
able as wel l  as the rate at which th is range i s  changing. The modern trajectory analyst 
uses the mixed data PODMs more frequently because of the excellent range and range rate 
data avai lable. 
The twelve PODMs may be used i n  any number of different problems confronting the 
trajectory analyst. The data presented can be used t o  predetermine a set of conditions 
which must ex is t  i n  order t o  use the PODM which w i l l  y ie ld  the best determination of the 
orbit. Various combinations of observation stations and satel l i te observation data can be 
used effect ively for orbit determination. Wi th  the computer programs available to  each 
PODM, they may be used as computer program options which can be cal led on command t o  
y ie ld  the best orbital results. Th is  would be an eff icient and accurate method for deter- 
mining orbits of unknown space objects. The PODM results can be used t o  determine look 




















Miscellaneous constants.  
Area. 
Auxiliary vector used i n  the method o f  Gauss. 
U n i t  vector pointing due eas t .  
Semimajor axis  of a conic sect ion.  
Matrix coef f ic ien t .  
Equatori a1 radius of Earth, 
Miscellaneous Constants. 
Auxiliary vector used i n  the method of  Gauss. 
Semiminor axis  of a conic sect ion.  
The d o t  product of  ( -  E c) . 
Element ( =  e cos Eo) .  
Element ( =  e cosh Fo).  
Element ( =  e cos vo) .  
Ratio of sec tor  t o  t r i ang le  i n  the method of Gauss. 
Eccentric anomaly. 
M i  scel  1 aneous constants . 
Orbi  t a l  eccentri  ci  t y  . 
Mathemati cal constant . 
Geometrical f l a t t en ing  of reference spheroid adopted f o r  central  
Functional notation. 
Coeff ic ient  of f and g s e r i e s .  
Stat ion locat ion and shape coef f ic ien ts .  
Uni versa1 gravi ta t ional  constant.  
Miscellaneous constants.  
planet.  
Coefficient of f and g s e r i e s .  
Gravitational accelerat ion.  
S ta t ion  elevat ion measured normal t o  adopted e l l i p so id .  
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Angular momentum vec tor .  
U n i t  v e c t o r  a long t h e  p r i n c i p a l  a x i s  o f  a g i ven  coo rd ina te  system. 
Orbi t a l  i n c l  i n a t i  o 
The imag inary  ( =  $ ! !  
Harmonic c o e f f i c i e n t s  o f  t h e  E a r t h ' s  p o t e n t i a l  f u n c t i o n .  
U n i t  v e c t o r  advanced t o  I by a r i g h t  ang le  i n  t h e  fundamental p lane. 
A cons tan t .  
U n i t  v e c t o r  de f i ned  by I X 2 = - K .  
G r a v i t a t i o n a l  cons tan t .  
U n i t  v e c t o r  f rom observa t i ona l  s t a t i o n  t o  s a t e l l i t e .  
Mean anomaly [ =  n ( t  - T) 1. 
General symbol f o r  mass. 
Meters. 
Number o f  revolutions., 
3 
Mean mot ion  ( =  k f i /a2) .  
Number o f  r e v o l u t i o n s .  
O r b i t a l  p e r i o d  ( t i m e  f rom per igee c r o s s i n g  t o  per igee c r o s s i n g ) .  
- 
P e r i  focus. 
U n i t  v e c t o r  po i  n t i  ng toward p e r i  focus. 
O r b i t a l  semiparameter [ =  a ( 1  - e2) 1. 
U n i t  v e c t o r  advanced t o  p by a r i g h t  angle i n , t h e  d i r e c t i o n  and 
p lane  o f  mot ion.  
Genera l i zed  element. 
P e r i f o c a l  d i s tance  [= a ( 1  - e )  3. 
Parameter o f  f and g s e r i e s  expansions. 
P e r t u r b a t i v e  f u n c t i o n  ( =  @ - V) . 
Magnitude o f  s t a t i o n  coo rd ina te  vec to r .  
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Stat ion coordinate vector. 
Alternate notation f o r  U, 
Magnitude of sate1 1 i t e  radius vector. 
Satel  1 i t e  radius vector. 
Sate1 1 i t e  symbol . 
Element ( = e s in  E o ) .  
Element ( = e s i n h  Fa). 
Element ( = e s in  vo) .  
A parameter taking the value 1 o r  -1. 
Time o f  perifocal passage. 
Universal o r  ephemeris time. 
U n i t  vector pointing toward given s a t e  
Argument of l a t i t ude .  
Parameter of f and g s e r i e s  expansions 
l i t e .  
General symbol for veloci ty  vector magnitude. 
Spherical potenti a1 o f  planet.  
U n i t  vector advanced t o  U- by a r i g h t  angle i n  the direct ion and 
U n i t  vector perpendicular t o  o r b i t  plane. 
Rectangular coordinates of s t a t ion  coordinate vector. 
Rectangular coordinates of  an object .  
U n i t  vector i n  the zenith d i rec t ion .  
plane o f  motion. 
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Speci a1 Symbol s 
Identical  l y  equal to .  
Equal t o  by def in i t ion .  
Replace l e f t  side of equation w i t h  r i g h t  s ide  of equation. 
Approximately equal t o .  




m i  n 
sec  
In f in i ty .  
Angle between x and y .  
Yields. 
Absolute value of x .  
Superscript  Symbols 
Relating t o  modified time d i f f e ren t i a t ion .  Also ( " ) .  
Relating t o  general d i f f e ren t i a t ion .  
Re'lating t o  geocentric l a t i t ude .  
Minutes of a rc .  
Seconds of a rc .  
Par t icu lar  parameter o r  special  form of an analyt ical  expression. 
Par t icu lar  parameter or speci a1 form o f  an analyt ical  expression. 
Used t o  denote average o r  special  form of an analyt ical  expression 
Degrees. 
Hours. 





A c1 Alpha. 
B B Beta. 
r y Gamma. 
A 6 Delta. 
E E Epsilon. 
Z 5 Zeta. 
H Eta. 
o e Theta. 
I i Iota .  
K K Kappa. 
A A Lambda. 
M I-I M U .  
~1 R i g h t  ascension. 
A Increment o r  difference.  
v Gradient operator.  
N v Nu. 
B 5 X i .  
0 o Omicron. 
n a P i .  
P p Rho. 
c u Sigma. 
T T Tau. 
T u Upsilon. 
I+ P h i .  
X x C h i .  
Y JI Psi.  
R w Omega. 
Greek Symbols 
E Obliquity o f  the e c l i p t i c .  
Specified tolerance.  
5 Coeff ic ient .  
e Sidereal time. 
K] A Longitude. 
az - 
Sum o f  masses o r  mass. 
6 Declination. 
Variation. 
v True anomaly. 
- p Slant  range vector.  
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Greek Symbols (Cont ' d )  
I$ Geodetic l a t i t ude .  
I$ Geocentri c 1 a t i  tude.  
Astronomical l a t i  t u d e .  'a 
n Longitude of ascending node. 
u Longitude o f  descending node. 
w Argument of perigee. 
Abbreviations 
a .u .  
cm 
c.m. 
C . S . U .  









Circular  s a t e l  1 i t e  units (a1 so 
g . c .  s e u .  ; geocentric c i  rcul a r  
s a t e l  1 i t e  units)  
Characteris t i c  units . 
Canonical u n i t  of length. 
Canonical u n i t  of time. 
Degrees. 
Earth masses. 
Earth r a d i i .  
f t  
gm 
hr 










He1 iocentr i  c c i  rcul a r  
sa te l  1 i t e  units . 
Jul ian date .  
K i  1 ometers . 
Meters. 







Figure 1. O r b i t  Plane Coordinate System Showing Unit  Vectors and O r i e n t a t i o n  Angles 
APPENDIX B 
LAMBERT-EULER PODM, POSITION AND TIME 
Given rl (x l  , y1 , z l )  , r2 ( x 2 ,  y2, z2)  and their corresponding 
universal times, tl and t2, proceed as  follows: 
L l  
!!I = r 1 
r 2  
%='c;- 
2 
cos (v2  - v l )  = 11 3 
As a f i r s t  approximation, i f  no be t t e r  estimate is  ava i lab le ,  set 
( 4 )  
20 
and continue calculat ing w i t h  
c = + [r: + r: - 2(x 1 2  x + y1y2 + z1z2) (9) 
1 sin E = +d$ ( r2  + rl + c )  
- V l )  
1 2 
1 
sin 6 = + 
I 
Set 
s = l  
Later the analysis  will be repeated fo r  
s = -1 
Continue w i t h  
If  
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where A .is a iven tolerance,  i .e. , 
not, save F(a3 and increment a ,  by 5 percent,  t ha t  i s ,  Aa, t o  obtain:  
proceed t o  equation (22 )  ; i f  i t  is 
a -k Aa 
Repeat equational loop (10) through (16), obtaining F(a + Aa), and form 
F(a + Aa) - F(a)  
F'(a) = Aa 
Improve the value of  a by 
F (a j )  
a j+l  = a j  - , j = 1, 2 ,  3 , . . . ,q  
J 
I f  
I a j t l  a j l  < A 
Proceed t o  equation ( 2 2 ) ;  i f  n o t  return t o  equation ( l o ) ,  replacing a j  w i t h  
a j t l '  
E2 - E 1  = E - 6 
a 
rl 




g = T - -[E2 ?J - E 1  - s in  (E2 - E l ) ]  
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LAMBERT-EULER FLOWCHART (CONT'D)  
X L C V  ( I ) ,  
Y L C V  ( l ) ,  
Z L C V  (1) 
SOLUTION FOR 
CLASSICAL 
E L  EM E N  TS 
JTIME, ALC, 
ELC,  TE ,  
OMEGA, 












F AND G SERIES PODM, POSITION AND TIME 
Given rl ( x l ,  y l ,  z l ) ,  r2 (x2 ,  y2,  z2 )  and their co r re spond ing  u n i v e r s a l  
times, tl a n d  t2, proceed as follows: 
r2 = +- 
cos (v2 - vl) = $ 
sin ( v z  - v l )  = I 
t2 + 
2 t o  = 
28 
r2 + rl 
2 ro = 
r -0 = ( ?)cl - (F) r -2
i o =  (%)  712- (:) 711 
vo = 7/ to - to 






( 3 9 )  
(43)  
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I .I .I ..I . ... 
U o = 3  lJ 
r O  
rOrO P o = -  2. 
r O  
VJ - ro 2 U O  
9 0  = 2 
r O  
U t i l i z e  t h e  f and g functions: 
and form 
92 
c 1  = D 
30 
I 
-91 c2 = -j=j- 
-f2 6 - -  
1 -  D 
fl 
c2 = 0 
Hence, a b e t t e r  approx imat ion t o  ro, ro i s  g iven by 
Return t o  equat ion (41)  and repeat  the  equat iona l  l o o p  t o  equat ion (58) ;  
con t inue u n t i l  ro, io, Vo from equations (41), (42),and (43)  do n o t  vary, 
t h a t  i s ,  
€2 
< E ~ ,  n = 1, 2,..., q 
i .e . ,  10 -10 . Having r , + , and V , 
u t i l i z e  t h e  d e r i v a t i v e s  o f  t h e  f and g f u n c t i o n s ,  t h a t  i s ,  
fl = f (VO, ro,  i o ,  
61 = 6 N o ,  r o ,  to ,  
31 
t o  obtain 
. .  i = f- r + giro -1 1-0 
Continue by calculat ing for  c l a s s i ca l  elements 
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F AND G SERIES FLOWCHART 
START 
XLC(l ) ,  YLC( l ) ,  
ZLC(1). XLC(2). 
YLC(2). ZLC(2), 
T(1). T(2). XMU, 
ECHO 
CHECK 
I T l M E  = 0 
I = 1,25 
 
c+, L =  1.2 
_. 
RLCN(l1, VN(1). 
RLCNV( l ) ,  I 
g PAGE 34 
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F AND G SERIES FLOWCHART (CONT'D) 
X L C V  (1). 
r L c v  ( I ) ,  
Z L C V  (1) 
SOLUTION 
FOR CLASSICAL 
E L  EM EN TS 
ITIME, ALC, 





























ITERATION OF SEMIPARAMETER PODM, POSIT ION AND T I M E  
Given rl ( X I y  y l ,  z l ) ,  r2 (x2, y2,  z2 )  and t h e i r  corresponding universal 
times, tl and t2, proceed as follows: 




s i n  ( v 2  - v l )  = ~ I q Y 2  - X 2 Y 1  I 
A s  a f i r s t  estimate,  l e t  
pg = 0.4 (r l  + r2) 
39 
and 
P = Pg ( 7 3 )  
and continue calculat ing w i  t h  
e cos v = E- -1 
1 rl 
e cos v2 = E- -1 
r2 
cos (v2 - .,)(e cos vl) - ( e  cos v 2 )  
s in  (v2 - v l )  e s i n  v1 = 
- cos ( v ~  - v l ) ( e  cos v2)  - (e cos v l )  
e sin v2  = s in  ( v 2  - vl) 
e = y ( e  cos v1)2 + ( e  s in  vl) 2 
P 
l - e  
a = -  
2 
n = k f i  
(74) 
( 7 5 )  




I f  e # 0 ,  proceed w i t h  equation (81); i f  e = o w i t h i n  a g i v e n  tolerance,  
continue w i t h  equation (83) .  
r i 
P 
COS E i  = - (cos vi  + e)  , i = 1, 2 
sin Ei = p e sin vi  , i = 1, 2 
Continue calculat ing w i t h  equation (88 ) .  
e = O  , v l = O  
COS E 1  = 1 
COS E2 = COS ( ~ 2  - ~ 1 )  
sin E l  = 0 
s in  E2 = sin (w2 - wl) 
M i  = E i  - e sin Ei  , i = 1, 2 
(87) 
41 
I f  F = 0, proceed t o  equat ion  (92) ;  i f  not ,  increment p by 5 percent  and, by 
r e p e a t i n g  equat iona l  l o o p  (74) through (89)  , o b t a i n  
Hence, a b e t t e r  approx imat ion t o  the semiparameter i s  
Repeat t h e  above l o o p  q t imes u n t i l  p i s  cons tan t  w i t h i n  a g iven to le rance,  
i .e . ,  10-10. F i n a l l y ,  cont inue c a l c u l a t i n g  w i t h  equat ion  (92) .  
a 
f = 1 - r [l - cos ( E 2  - El)] 
1 
g ’ T -  < [E2 - E l  - s i n  ( E 2  - El ) ]  
Continue by c a l c u l a t i n g  f o r  c l a s s i c a l  elements. 
42 





t L C ( l ) ,  TU),  XLC(2). 
YLC(2). QLC(2). T(2), 
XMV, XK 
I 








'ITIME, ELC,  
ALC, OMEGA, 























3 9  
't 3 
13? 
4 1  
4 3  
43 
4 4 
4 5  
4 6  
4 7  




4 3  
57 







GAUSSIAN PODM, POSITION AND TIME 
Given rl - ( x l ,  yl ,  z l ) ,  r2 (x2, y2, z ) and t h e i r  corresponding universal 2 
times,. tl and t2 ,  proceed as follows: 
= ke ( t 2  - t i )  
11 . r -2 
r l r 2  
cos ("2 - "1) = 
s i n  ("2 - "1) = Ix1y2 2 - x 2 y 1 1 y z )  2y1 
Obtain the constants 
rl r2 1 
2 
3 m =  




As a f i r s t  approximation, set  
y = l  
and conti nue  calculat ing w i  t h  
m x = - - l  2 
Y 
s in  ( E 2  '1) = d G T - 7  
( E 2  - E l )  - sin ( E 2  - E l )  
X =  
sin 3 ( E 2  2 - E l )  
y = 1 -I- x (1 -I- x )  
I f  y i s  now equal t o  the assumed value w i t h i n  some tolerance,  continue w i t h  
equation (108);  i f  i t  i s  n o t ,  place the value of y from equation (107) in to  
equation (103) and repeat  equational loop (103) t h r o u g h  (107).  Continue 
cal cul a t i  ng w i  t h  
4 2 
- "1) s in  (E2 - E l ]  3 a = [,v= cos [ v2  2 2 
49 
f = 1 - a [1 - cos (E2 - El)] 
r.l 
.5 
9 =  T qL ?J [(E2 - El) - sin (E2 - El)] 




S T A R T  3 
ECHO 
CHECK 
ITIM'E = 0 
I 
I 













S 2 7 S  
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54 
APPENDIX F 
ITERATION OF TRUE ANOMALY PODM, POSITION AND TIME 
Given rl (xl ,  y l ,  z l ) ,  r2 (x2, y2, z2)  and their corresponding universal 
times, tl and tp,  proceed a s  follows: 
T = k, ( t 2  - 
r2  u =r 
-2  2 
cos ( v 2  - V I )  = LJ1 LJ2 
As a f i r s t  approximation, s e t  
v 1  = oo 
55 
v 2  = v 1  + ( v 2  - V I )  
(r2 - r1) 
rl cos v l  - r2 cos v 2  e =  
If e < 0,return t o  equation (119) and increment v l  by Avl ,  10 degrees; i f  
e > 0 ,  proceed w i t h  equation (122) .  
If  a < 0 ,  re turn to  equation (119) and increment v l  by A w l ,  again 10 degrees; 
i f  a > 0 ,  proceed w i t h  equation (123). 
VI  - e2 sin w1 
1 + e cos w1 s in  El  = 
cos v1 + e 
COS El = 1 + e cos v1 
-sin v 2  
~~ ~ 
cos v 2  sin E2 = + e 
cos v2  + e 
+ e cos w2 COS E2 = 1 
M2 - M1 = E 2  - El + e ( s i n  El  - sin E 2 )  
n = 
56 
F = T - ( M 2  M1) ke 
I f  the i t e r a t i v e  function i s  l e s s  than a specif ied tolerance E ~ ,  t h a t  i s ,  
10-l0,  
IF1 < €1 (130) 
proceed t o  equation (135);  i f  n o t ,  save the numerical value of F and increment 
w1 by a small amount, Av, t o  obtain 
w1 + A w  
Repeat equational loop (120) to  (129) obtain F ( v l  + AW) and form 
F ( w ~  + Aw) - F ( ~ 1 )  
F'(w~) 
A w  
Improve the value o f  w l  by 
I f  
- 10 where 
i f  n o t ,  re turn t o  equation (120) w i t h  the improved value o f  w l .  
i s  another specif ied tolerance,  i . e . ,  10 , proceed t o  equation (135); 
57 
Continue calculat ing w i t h :  
f = 1 - [1 - cos (E2 - El)] 
1 
g = T vg [E2 - El - s in  (E2  - El)] 
r2 - f r1 
r1 = 














ITERATION OF TRUE ANOMALY 
FLOWCHART 
























METHOD OF GAUSS PODM, ANGLES ONLY 
Hi, t. f o r  i = 1, 2, 3, and t h e  constants  d+/dt ,  Given ai, Si, Ipi, hEi, 
1 
f, ae, p, k e y  compu'te t h e  f o l l o w i n g :  
T3 
A 1  = 
13 
B1 = ( T ~ ~ ~  - T ~ ~ )  > 
J.D. - 2415020- 
Tu = 36525 
2 
= 9996909833 + 3600007689 Tu + 0000038708 Tu 
For i = 1, 2, 3, compute 
L,i = COS S i  COS a i  







LZi = sin 6i 
de 
0 i  = ego + (ti - to) + XEi 
Y i  = G l i  cos s i n  ei 
Z.  = - GPi s i n . + i  
1 
Compute the fol  1 owi ng : 
Ly2Lz3 - Ly3Lz2 
all - D 
65 
- (Lx2Lz3 - Lx3Lz2) 
a12 - - D 
Lx2Ly3 - Lx3Ly2 
a13 = D 
( Ly 1 z 3 - Ly3 z 1 
D 
a21 = - 
Lx1Lz3 - Lx3Lz1 
a22 = D 
(Lx1Ly3 - L x 3 L y l )  
D 
a23  = - 
LylLz2 - Ly2Lz1 
a31 = D 
LxlLy2 - Lx2Lyl 
a33 = D 
66 
and form the vectors 
- x = [xl, x Z y  x3] 
Evaluate the coef f ic ien ts :  
B2* = - (az1 X + aZ2 1 
+ a23 E L) 
67 
Solve 
RZ2 = X 2  2 + Y2 2 + Z2 2 
* 2 a = - (c+  A~ + + R~ 
r 2 + a r  2 + br23  + c = 0 
t o  obtain the appl icable  rea l  roo t  r2 ,  and continue ca l cu la t ing  w i t h  
IJ u2 = - 3 
r2 
D3 = A3 + B3 ~2 
A1* = a A X +  a12 A l+ a13 A Z 11 - 
68 
B3* = a 31 E X +  a32 E .  V +  a33 E .  Z 
AI* + B1* uz 
Dl p1 - 
A3* + B3* ~2 
D3 
p3 - 
Then, utilizing the Herrick-Gibbs formulas, calculate 
d3 = - (19.0) 
69 
f = - d r  + d r  + d 3 L 3  -2 1-1 2-2 





From t h e  f and g f u n c t i o n s ,  c a l c u l a t e  
f l  = f ( ~ 2 ~  r ,  12.  7 1 )  
93 = 9 0 2 ,  r2Y f 2 ,  T3) 
Cont inue c a l c u l a t i n g  w i t h  
D* = f l g 3  - f3g1 
70 
93 
Cl = p 
c2 = - 1.0 
91 
c3 - - D* - -  
71 
where , E ~ ,  
if not ,  r e t u r n  t o  equat ion (187) us ing  (pi)n and repea t  equat ional  l oop  (188) t o  
(207); however, f rom t h i s  p o i n t  on, t e s t  t o  see if 
a r e  to lerances,  i .e. , lom1'. I f  so, proceed t o  equat ion (214); 
And repea t  equat ional  l o o p  (188) t o  (207) u n t i l  t e s t  i s  successfu l .  
by c a l c u l a t i n g  
Continue 
-2 = - d l r l  + d2r2 d3r3 
Continue by c a l c u l a t i n g  the  c l a s s i c a l  elements. 
72 
METHOD OF GAUSS FLOWCHART 
START 0 
ALPHA(1). DELTA 
( I ) ,  YAME( I ) ,  PHI ( l ) ,  
H(1). T(1). FOR 1 = 
1,2,3; XMU, 
DTHETA,  F L A T ,  AE, 
XK,  TJD, T(4) 
I 
CHECK 
ITlME = 0 
REXCI), RLC 
(2). I b; 
+ I = 25 
73 
D l  
METHOD OF GAUSS FLOWCHART (CONT ' D) 
Q 
I 
J =  1.3 
J =  1 ,3 ,2  
P I  (I), P 2  ( I ) ,  



































59 . - .. 
6 3  
76 
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LAPLACE PODM, ANGLES ONLY 
Given ati, ti, $i, lEi, H i  for i = 1, 2 ,  3 and the  co'nstants de/dt 
f, a,, p, k ,  compute the following: 
s1 = 
'1 ('1 - '3) 
- ('3 + q) s* = 
'1'3 
- 51 
1 s3 = 
'3 ('3 - '1) 
2 
s4 = 
'1 ('1 - '3) 
2 
'13 
slj = - 
80 
For i = 1, 2, 3, c a l c u l a t e :  
L,i = cos 6 t i  cos a t i  
L,i = cos s i n  ati 
Lzi = s i n  6ti 
and determi  ne 
L = S4L1 + s L + S6L3 -2 5-2 
For i = 1, 2, 3, proceed as f o l l o w s :  
J.D. - 2415020 
Tu = 36525 
2 ego = 9906909833 + 3600007689 TU + 0400038708 TU 
81 
(1 - f)2 a,
+ Hi - 2 2 1 - ( 2 f  - f ) s i n  $i 
‘2i - 
Cont inue c a l c u l a t i n g  w i t h  
Y .  = - Gli cos $i s i n  ei 1 
Zi = - GZi s i n  $i 
I f  the  observat ions a re  n o t  f rom a s i n g l e  s t a t i o n ,  t h a t  i s ,  o1 # o2  # o3 # $1 
and xEl # XE2 # hE3 # xEl, con t i nue  c a l c u l a t i n g  w i t h  equa t ion  (237); i f  t h e  
obse rva t i ons  a re  f rom a s i n g l e  s t a t i o n ,  proceed t o  equa t ion  (239).. 
5 = S& + S& + S& 
Proceed t o  equat ion (241) 
I x2 y ] (%) 
L O  
82 
I 
Numerically evaluate the following determinants: 
Lx2 i x 2  Lx2 
A = Ly2 5 2  Ly2 
* .. I Lz2 i z 2  L 2  
D, = 
Lx2 i x 2  x 2  
Ly2 i y 2  y2 
Lz2 i z 2  *2 
Lx2 x i '  2 x2 
Ly2 v i '  2 y2 






2Dii - -  * 
*2 - A 
2Db - -  * 
B2 - A 
* Dc - -  
'2 - A  
* Dd 
D2 = 
* 2 a = - (C,,,A2 + A2 *' t R2 ) 
2 *2 c = - u B ~  
Solve 
3 rZ8 t arZ6 + b r 2  + c = 0 
84 
t o  obtain the appl icable  real  root  r2,  and continue calculat ing w i t h  
-2 = P2L2 + P2L2 - !$ 




I 1.2.3; 'DTHETA, I 
FLAT,  AE, XMU, XK,  
TJD, T(4)  
ECHO 
CHECK 
IT lME = 0 
* 1 
I = 1.3 
I = 1,3 
86 
LAPLACE FLOWCHART (CONT'D) 
D l  
I 
DELR = 
0.05 R L C ( 2 )  






E L E M E N T  
ITIME, ALC, 













































DOUBLE R-ITERATION PODM, ANGLES ONLY 
Given "ti, 6 t - y  ti, @- i~ A E i ,  Hi, f o r  i = 1, 2, 3, and t h e  constants  de/dt  , I 
f, a,, p, and key proceed as follows: 
J.D. - 2415020 
Tu = 36525 
e = 9906909833 + 3600007689 Tu + 0000038708 Tu2 
go 
For i = 1, 2, 3, compute: 
L,i = cos 6 t i  cos "ti 
Ly i  = cos 6ti s i n  uti 
92 
Y i  = - Gli  cos +i s i n  ei 
Z .  = - GZi sin + i  1 
I - I 
C$i  = 2Li Ri , i = 1, 2 ,  3 
As a f i r s t  approximat ion ,  s e t  
rl = rlg , r2 = r2g  
For near -Ear th  o r b i t s ,  se t  
- rig - r2g = 1.1 e.r .  
93 
and compute p i  f r om 
Cont inue c a l c u l a t i n g  w i t h  
- p i L i  - R e  i = l , 2  T i  -1 ’ 
Compute as 
- x2z1 - x1z2 
Y r l r 2  
w =  
Cont inue c a l c u l a t i n g  w i t h  
- 
R * W  -3 - 
-3 - 
-~ 
p 3 - L  . i j  
- R  - r 3  - P3L3 -3 
r 3  = d 5 3  
94 
If W > 0 , ca lcu la te  z -  
j = 2 ,  3, k = 1, 2 
If  W z  < 0 , ca lcu la te  
I f  v3 - v1 > TI , determine p from 
sin ( v 3  - v l )  
c l r l  + c3r3 - r2 
p =  q + c 3 - 1  
95 
I f  v3 - w1 5 TT , determine p from 
r sin (v3 - v l )  
c1 =(<)sin (v3 - v2)  
rl sin (v2  - v 1 )  
c3 =[+ r sin (w 
rl + c3r3 - c l r 2  
p =  1 + c 3 - c 1  
Continue calculat ing w i t h  
e c o s v i = f - l  , 
i 
and fo r  v2 - v1 # TT , obtain 
i = 1, 2 ,  3 
cos (v2  - v l ) ( e  cos v2) + ( e  cos VI)  
- 
2 - "1) e s in  v2 = - sin ( v  
o r ,  i f  v - vl  = IT , obtain 2 
cos ( ~ 3  - q ) ( e  cos v 2 )  - ( e  cos v3) 






2 a =  l - e  
(295b) 
For o r b i t  determination i n  this paper, e2 < 1 , therefore  continue ca lcu la t ing  
w i t h  
n = k e f i  
s e = ?-e sin v2 (297) 
(298 1 r2 2 2 Ce = p ( e  + e cos v 2 )  
r3 
sin ( w 3  - v 2 )  - - [1 - cos (v3 - v2)] se r3 s i n  ( E 3  - E 2 )  = - P 
(300) 
r3r2 
aP - [l - cos (v3 - v2)]  COS (E3 - E2) = 1 - 
M3 - M2 = E3 - E2 + 2S, sin 2 (E3 2 - E 2 )  - Ce s in ( E 3  - E 2 )  (303) 
97 
M1 - = - ( E 2  - El) + 2Se sin e (304) 
F2 = T 3  - ke [ M3 " ) 
Save Fly  FZy r l ;  increment rl by Arl (about 4 percent); and return t o  equation 
(275). 
( r l  + Arl, r2) 
Theend r e s u l t  o f  t h i s  calculat ion will  be F 1  ( r l  t A q Y  r2) , F2 
so t h a t  
Save a F l / a r l  aF2/ar l  ; s e t  rl back t o  the or iginal  value; increment r2 by 
Ar2 (about 4 percent) ;  and return t o  equation (275). The end r e s u l t  o f  t h i s  
calculat ion will  be F1 ( r l y  r2 + Ar2) , F2 ( r l ,  r2 t Ar2) so t h a t  
98 
Continue calculat ing w i t h  
a F  
A =  (4) ($)-(%) (5) 
a F  a F  
A 1  = (  6 ) F l  - (a) F2 
a F  a F  
A 2  = (+) F2  - (+) F 1
A 1  Ar = - -  1 A 
A 2  Ar2 = - n 





where E i s  a tolerance,  i . e .  10-l'. I f  the t e s t  i s  n o t  s a t i s f i e d ,  l e t  
(rl)n+l = ( r l ) n  + ~ r l  





and return t o  equation (275);  i f  i t  i s  s a t i s f i e d ,  continue calculating with 
f = 1 - e[ 1 - cos (E3 - E 2 ) ]  
2 
g = T~ @ [E3 - E 2 )  - s i n  ( E 3  - E2)] 
r3 - f r 2  
1 2  - g  
Continue by ca lcu la t ing  f o r  the c lass ica l  elements. 
100 
DOUBLE R-ITERATION FLOWCHART 
S T A R T  0 
ALPHA( l ) ,  D E L T A  
(11, T(1), PHI(1), 
YAME(I),  HU), FOR 
I = 1,2,3; DTHETA,  




ITlME = 0 
I 
F 
c!, K =  1, 2 
101 
102 
I II I, I., 1.1, 11111111.. .I 
DOUBLE R-ITERATION FLOWCHART (CONT'D) 
6 
102 
0 3  
I 
DOUBLE R-ITERATION FLOWCHART (CONT'D) 
101 
X L C V  (2), 
Y L C V  (3, 
f L C V  (2) 
SOLUTION FOR 
CLASSICAL 
E L  EM EN TS 
ITIME, ALC, 



































1 R  
21 
22 
2 3  






3 2  
35  
105 
4 6  






6 3  
6 4  
65 























MODIFIED LAPLACIAN PODM, MIXED DATA 
Given the  mixed da ta  bi, at., ti, fiti f o r  i = 1 ,  2 ,  3 .  along w i t h  $i, 
Hi and the  constants ,  ae, ke, p, f, de/d t  , proceed as follows: 'Ei 
- T3 s 1  = 
Tl ( 3  - T31 
J . D .  - 2415020 
Tu = 36525 
e = 9906909833 + 36000P7689 Tu + 0000038708 Tu2 
go 
For i = 1 ,  2 ,  3,  compute 
109 
L,i = cos 6 t i  cos a t i  
L y i  = cos 6 t i  s i n  ati 
LZi = s i n  
Cont inue c a l c u l a t i n g  w i t h  
Y2  = - GI2 cos 4 1 ~  s i n  e 2  










C = L 2 - $  (343 
1.I E 344 ) D = -  
c = - 2 (L2 . R2) JI 
As a f i r s t  approximation, s e t  r2 = r2G9 where r2G i s  an assumed value of 
r2¶ i . e . ,  1.1 e . r . ,  and i n i t i a t e  the following i t e r a t i v e  scheme: 
111 
(345 
and obtain a be t t e r  value of  r2 ,  tha t  i s ,  
I f  the improved value of r does n o t  vary, t h a t  i s ,  
2 
where E i s  a specif ied tolerance,  i.e.,lO-lO, proceed t o  equation (351); i f  n o t ,  
re turn t o  equation (346) and u s i n g  the l a t e s t  value of  r2 ,  repeat  equational 
loop (347) t o  (349).  
Con,tinue calculat ing w i t h  




S T A R T  0 
MODIFIED LAPLACIAN FLOWCHART 
PV( l ) ,  ALPHA 
( l ) ,  DELTA ( 1 )  
H ( I ) ,  FOR 1 = 
1,2,3, AE, XK,  
XMU, FLAT, 
D T H E T A ,  TJD 
PHI ( I ) ,  YAMEU) ,  
E C H O  
C H E C K  































> c  
-t 
> c  . __ . . .. 




R-ITERATION PODM, MIXED DATA 
Given the  mixed data pi, ati, titi, ti, f o r  i = 1, 2, 3, along w i t h  O i ,  
Hi and the constants  ae, k e y  p, f, de/dt, ‘Ei proceed as f o l l o w s :  
s2 = - ( ‘ 3 4  
- ‘1 
s3 = 
‘3 (T3 - ‘1) 
J,D. - 2415020 
Tu = 36525 
e = 9906909833 + 36000f7689 Tu + 0000038708 Tu2 
go 
For i = 1, 2, 3, compute 









Lyi = cos 6ti sin ati 
ti 
Lzi = sin 6 
d e  ei = e t dt (ti - to)  + hEi 
go 
Xi = - G l i  cos $i cos ei 
Y e  1 = - G l i  cos $i sin ei 




c JI = - 2(LX2X2 + L Y 2  Y 2 + LZ2Z2) (370) 
As a f i r s t  approximation, se t  r2 = rg . 
and obtain 
For near-Earth o r b i t s ,  s e t  r = 1.1 9 
p 2  = ${ Ce + [ C t  - 4(R2  2 - r2 2 ) ] i  } 
Compute the radius  vector a t  the central  date  from 
Obtain the numerical der iva t ive  
.= + S& + SA 
Continue ca lcu la t ing  w i t h  
r = p2$ + p2$ - R 
-2  -2 
v 2 =vi2 - ;. -2 
Util ize  the der iva t ives  o f  the f and g series t o  compute 









B = -  93 
E 
91 D=-r  
I f  
120 
- 10 where E i s  a specified tolerance, i .e., 10 
return t o  equation (372) with the la tes t  value of p2  obtained from equation (384) 
and repeat equational loop (372) t o  (385). 
, proceed t o  equation (386); if  n o t ,  
Continue calculating w i t h  
r = p 2 $  t PA-!$ 
-2 
Continue by calculating for classical elements. 
121 
R- ITERATI ON FLOWCHART 
S T A R T  0 
PV( I ) ,  A L P H A  (11 
D E L T A  ( I ) ,  T (1) 
P H I  (I), L A M E  ( 1 )  
H (1) F O R  I = 1, 2, 
3. A E ,  X K ,  XMU, 
F L A T ,  D T H E T A ,  
T J D  
E C H O  
C H E C K  
I T l M E  e 0 
1 
I 
J f  1, 3, 2 8 
X L C V  (2), 
Y L C V  (2), 
Z L C V  (2)  
S O L U T I O N  FOR 
C L A S S I C A L  
E L  EM E N  TS 
I T I M E ,  A L C ,  
E L C ,  T E ,  
OMEGA,  





















S 2 0 0  
S 
S 
I -  
























TRILATERATION PODM, MIXED DATA 
Given the  mixed data p j ,  ij, tj, j = 1, 2, ..., q ,  f o r  a s e t  o f  observ ing 
s t a t i o n s  w i t h  coord inates $i, AEi , Hi , i = 1, 2,  3 ,  and constants  a, f , 
de/dt ,  proceed as f o l l o w s .  
simultaneous t ime such t h a t  pi, ii, i = 1, 2, 3,  are  a v a i l a b l e  f o r  an 
a r b i t r a r y  m o d i f i e d  t ime ‘c0 and compute 
Reduce t h e  range and range-rate data t o  a common 
J.D. - 2415020 
Tu = 36525 
2 
= 9996909833 i- 36000f7689 Tu i- Of00038708 TU 
For i = 1, 2, 3, compute 
X i  = - G l i  COS $i COS 8 i  
Y e  1. = - Gli cos $i s i n  ei 
127 
2 Ri = R .  R .  
-1 -1 
‘31 = L[ 2 ’3 - ’1 - (R32 - Rl?)] 
128 
€1 '= A2 + C2 + 1 
= 2(AB + CD + X1 + CY1 + AZ1) €2 
2 2  ' .  2 2 
€3 = ' B  + D + 2DY1 + 2BZ1 + R 1  - p 1  
r 2 = r  . r  
O j  - 0 j  - 0 j  
Re jec t  t h e  r t h a t  does n o t  s a t i s f y  -0 j 
2 -  2 2 
~1 - r o j  + 2 r o j  E1 + R 1  
and con t inue  c a l c u l a t i n g  f o r  i = 1, 2, 3, w i t h  
129 
Invert  the matrix 
Ms = 
and obtain 
0 x 1  p y 1  p z 1  
px2 py2  pz2  
px3 py3 pz3 




P(1), PV(l ) ,  T(1), 
PHI(1). YAME(1). 
H(1), FOR I =  1,2,3, 
AE, F L A T ,  D T H E T A ,  




ITlME = O  
RLDR (J), 




I = 1.3 L 
X L C V  (Z), 





TRILATERATION FLOWCHART (CONT'D) 
ITIME, ALC, 













3 5  
3 4  
39 









Herrick-Gibbs PODM, Mixed Data 
de Given the mixed da ta  p i ,  ~1 , 6 ., f o r  some ti w i t h  i = 1, 2, 3 along w i t h  s t a t i o n  da ta  + i ,  xEiFiHi gad the constants  ae3  Ke,  u 3  f ,  dty 
proceed a s  follows: 
Tu = JD - 2415020 
36525- 
e 0 = 99O.6909833 + 36000O.7689 Tu + 0°.00038708 Tu2 
9 
For i = 1 2 3 compute 
Lyi = Cos titi Sin u t i  
Lzi = Sin ati 
137 
de ei = e t dt (ti - to) + x~~ 
90 
(425) 
X. 1 = - G l i  Cos oi Cos ei (426)  
Yi = - G l i  Cos $i S i n  ei (427)  
Z .  = - G 2 i  S i n  $i 1 
r .  = L .  - R. 
-1 ”i -1 -1 
From t h e  o b s e r v a t i o n  t imes, one may compute t h e  r e s p e c t i v e  m o d i f i e d  t imes, 
t h a t  i s  
~ i j  = Ke ( t j  - t i )  (430 





w i t h  - T1 T13 f ‘T3 
Conti nue by compu t i  ng 
and form the coef f ic ien ts  
Continue by ca lcu la t ing  f o r  the c l a s s i ca l  elements. 
(434) 
139 
S T A R T  (7 
I = 1,3 5 
HERRICK-GIBBS FLOWCHART 
(-e, I =  1,3 
XLCV(2)  
Y LCV(2) 
Z L C V ( 2 )  0 
SOLUTION FOR 
CLASSICAL 
E LEMEN TS 
I TIME, A L C  
E L C ,  TE ,  
OMEGA, 
OINCL,  W 
140 
14 1 









Epoch 67Y 10M 27D OOH OOM 
OSO- I I I ORBITAL PARAMETERS 
~~ ~~~ ~ 
Parameter 
Semimajor Axis 
E c c e n t r i c i t y  
I n c l  i n a t i  on 
Mean Anomaly 
Argument o f  Per igee 
RA o f  Ascending Node 
Anomal i s  ti c Per i  od 
Height  of Perigee 
Hei gh t o f  Apogee 
Vel o c i  t y  a t  Per i  gee 
V e l o c i t y  a t  Apogee 
Geocentr ic L a t i  tude o f  Perigee 
Value 







000537.76 km o r  000334.15 m i  
000567.76 km o r  000352.79 m i  
027360 km/hr o r  017001 mi /h r  
027242 km/hr o r  016928 m i / h r  
-23,138' 
APPENDIX 0 
RELAY-1: I ORBITAL PARAMETERS 






Argument o f  Per gee 
RA o f  Ascending Node 
Anomal i s  t i  c Period 
Height o f  Perigee 
Height o f  Apogee 
Velocity a t  Perigee 
Velocity a t  Apogee 
Geocentric Lati tude o f  Perigee 
Val ue 






0194.74113 m i n  
002067.24 km or 001284.52 m i  
007434.94 km or 004619.85 m i  
027554 km/hr or 017121 mi/hr 












Fort  Myers 
Newfound1 and 
Qui  t o  
Lima 
Santiago 






























































RANGE, RANGE RATE, AND ANGULAR DATA COMPUTATIONAL ALGORITHM AND 
COMPUTER PROGRAM LISTING 
Given ( x ,  y ,  z )  and ( i ,  i, i) a t  a t ime t w i t h  constants  4 ,  H, 'XE, 
de/dt ,  k,, 1-1, tg, a,, f, proceed as follows: 
J.D. - 2415020 
Tu = 36525 
= 9906909833 + 3600007689 Tu + 0000038708 Tu2 
d e  e = e g  + ( t  - ts) - ( Z I T  - A E )  
a, 
X = - GI cos 4 COS e 
Y = - G1 cos C$ s i n  e 
Z =. - G2 s i n  0 
X=-,,Y de 
( 444 1 
147 
.. de Y = = X  
z = 0.0 
p = K  
. p a p  
P=, 
r =  -cq2 
P 
52 cos 6 = 
Z sin 6 = 7 
X 
cos a = jr 
P 













1 0 4  
119 





SOLUTION FOR CLASSICAL ELEMENTS 
. . . .  
Given rl (xl, ylY zl)  o r  r2 (x2’ y2, z,) and the veloci ty  - rl (xly y l ,  zl) 
o r  k ( i  i2’ i2) proceed as follows: -2 2’ 
r 1 =G1 
v =“- l . .  c1 
Semimajor axis  a 
rl 1-I 
2 p  - v2r1 a =  
Eccentricity e 
e =7/se2 + ce 2 
150 
a - r, 
cos E = 
ae 
xw = a (cos E - e)  
xW 
rl 
cos v = - 
r 1 xw 
s in  v = 
rl 
1 + e cos v s in  E = 
Time o f  perifocal passage, T 
( E  - e s in  E )  
k w  
T = t l -  
e 
Longitude o f  ascending node, .Q 





O r b i t  i n c l i n a t i o n ,  i 
hX2 + hy2 
t a n  i = 
hZ 
- x1 s i n  3 cos i + y1 cos n cos i + z1 s i n  i 
~~ 
~ . . . . -  t a n  u = 
x1 cos n + y1 s i n  n 
Augment o f  per igee, w 







FLOWCHART SYMBOL DEFINITIONS 
Definition 













S t a r t  o r  s top 
Input i Lems 
O u t p u t  i tems 






XLC ( l ) ,  YLC (1). & ZLC (1) I 
r '1 
DELV = 
0.05 VLC ( 1 )  



















I n f  orma ti  on 





l e t t e r  
154 
APPENDIX T 
ASSUMED VALUES OF GEOPHYSICAL CONSTANTS 
Constant 
F1 atness c o e f f i  c i  e n t  
Canonical u n i t  o f  l e n g t h  
Ear th  r a d i u s  
Gravi  t a t i  onal  cons tan t  o f  
Ear th  
Sum o f  masses 
R o t a t i  on o f  Ear th  
J u l i a n  Date 
OS0 -I  I EPOCH 
RELAY -I  EPOCH 














0.33528919 X lo-‘ 
0.63781660 X 10 meters 
0.10000000 x 10 CUL 
7 
0.74366728 X 10-1 (-) 
0.100000000 x 10 
0.43752691 X 10 -2 (ra:i;s) 
0.24397835 X lo7  
0.24398075 X 10’ 














X DOT V DOT Z DOT _ _  _ -  -- 
0 n o  
-0.6718 0.4528 -0.5204 





-0.6714 0.4524 -0.5200 
> t. x 
A 
W > 





-0.6710 0.4520 -0.5196 
-0.6708 0.4518 -0.5194 
(DEGREES) 1 10 100 
TRUE ANOMALY ANGULAR DIFFERENCE OF ;1 + F2 i . e . ,  v2 - y1 






































10 100 low (DEGREES) 1 
TRUE ANOMALY ANGULAR DIFFERENCE OF G1 + F2 i . e . ,  y2 - V I  




_ _  
- 



























(DEGREES) 1 10 100 















































(DEGREES) 1 10 1W 
TRUE ANCMALY ANGULAR DIFFERENCE OF F1 + F2 i . e . ,  v2 - v1 
1000 







a u . 


































TRUE ANOMALY ANGULAR DIFFERENCE OF :1 + F2 i .e . ,  y2 - y1 




























TRUE ANOMALY ANGULAR DIFFERENCE OF $ .. f, i .e.,  v2 - v1 





































(DEGREES) 1 10 100 
TRUE ANOMALY ANGULAR DIFFERENCE OF f, + ;2 i .e . ,  ~2 - 

































TRUE ANOMALY ANGULAR DIFFERENCE OF ;1 + E; i . e . ,  w2 - w1 




_ _  
I 
5 


























(DEGREES) 1 10 100 
TRUE ANOMALY ANGULAR DIFFERENCE OF f1 + f, i . e . ,  y2 - 
Figure 10. Results o f  Iteration o f  True Anomaly PODM for  OSO-I11 Orbit 
Y 0












































. .. .- 
(DEGREES) I 10 100 
TRUE ANOMALY ANGULAR DIFFERENCE OF f1 * ;2 1 ' .e . ,  v2  - u1 
1000 
Figure 11. Results of Iteration o f  True Anomaly PODM fo r  Relay-I1 O r b i t  
APOFOCUS 
Figure 12 .  E l l ip t ica l  Orbit 
Table 1. OSO-I11 Pos i t ion  and  Veloci ty  O r b i t  Data* 
Epoch 67Y 10M 20D OOH OOM 00s 
P o s i t i o n  Vector Time Resul tant Ve loc i ty  Ye' 
(Canonical Un i ts  o f  Length) from (Canonical U n i t  o f  Length Per Canoni 
Data Epoch 
P o i n t  X Y Z (Minutes) X DOT Y DOT - 
1 0.63397379 EO0 
2 0.58274812 EO0 
3 0.47289180 EO0 
4 0.29327509 EO0 
5 -0.92932753 E-01 
6 -0.46473516 EO0 
7 -0.76519048 EO0 
8 -0.94868622 EO0 
*From reference 3. 
0.87714911 EO0 -0.57285980 E-01 
0,90885977 EO0 -0.95773336 E-01 
0.96034300 EO0 -0.17136390 EO0 
0.10061443 E01 -0.27881096 EO0 
0.97992039 EO0 -0.45733638 EO0 
0.80288180 EO0 -0.56523331 EO0 
0.50282255 EO0 0,58621929 EO0 
0.12595263 EO0 -0.51737727 EO0 
0.42900000 E03 -0.67128213 EO0 
0.43000000 E03 -0.70685743 EO0 
0.43200000 E03 -0.76862972 EO0 
0.43500000 E03 -0.83592404 EO0 
0.44100000 E03 -0.87135390 EO0 
0.44700000 E03 -0.77289578 EO0 
0.45300000 E03 -0.55646495 EOO 




























Change i n  
True Ananal 
from Data 














Table 2. Relay-I1 P o s i t i o n  and Veloc i ty  Orbit Data* 
Epoch 67Y 11M 13D OOH OOM 00s 
P o i n t  X 
I I  P o s i t i o n  Vector 









































Time 1 Resu l tan t  V e l o c i t v  Vector 
Epoch 
0.66700000 E03 -0,63983417 EO0 
0.66900000 E03 -0,60637538 EO0 
0.67300000 E03 -0.53391142 EO0 
0.68100000 E03 -0.37896284 EO0 
0.74843089 EO0 ' 0.68900000 E03 -0.22604802 EO0 
0.95602583 EO0 0.69500000 E03 -0.11873926 EO0 
0.11069735 E01 0.70000000 E03 -0.35627838 E-01 
0.13038324 E01 0.70800000 E08 0.84472657 E-01 
0.10225903 E01 0.76800000 E03 0.49784070 EO0 
-0,76826469 E-01 0.79900000 E03 0,27460969 EO0 
-0.15192970 EO0 0.86000000 E03 -0.66588429 EO0 
Change i n  
True Anomaly 
f rom Data 















T r a m  re ference 3. 
Table 3. Resul t s  of Lambert-Euler PODM f o r  OSO-I11 Orbit 
-0.67164899 EO 




True Anomaly Computed Computed Computed I t e r a t i o n s  
Angul a r  Qi f f e j e n c e  X Dot Y Dot Z Dot Required t o  
of r l  -f r2 Reference Orbit X Dot Reference Orbit Y Dot Reference Orbit Z Dot Obtain an 
i . e . ,  v2 - v 1  i s  -0.67128213 EO i s  0.45237915 EO is -0.51983933 EO Epsilon 1;) of 




























Table 4.  Results of Lambert-Euler PODM for  Relay-I1 Orbit 
~ ~~~ ~ 
True Anomaly 
Angul ar  pi fference 
of r l  + r2 
i . e . ,  9 - 
















Reference Orbit X Dot 













Reference Orbit Y Dot 











Computer ha1 ted a f t e r  two i terat ions.  
Computer ha1 ted a f t e r  two i te ra t ions .  





Reference Orbit Z Dot 











I terat ions 
Required t o  
Obtain an 
Epsilon [;) of 











Table 5.  Results of F and G Series PODM for  OSO-I11 Orbit 
True Anomaly Computed Computed Computed Iterations 
Angul ar+Di ff$rence X Dot 
of r l  + r2 Reference Orbit X Dot 
i . e . ,  ,v2 - vl i s  -0.67128213 EO 


















0.238460 19 E l  
Y '  Dot Z' Dot Required t o  
Reference Orbit Y Dot Reference Orbit Z Dot Obtain an 
i s  0.45237915 EO i s  -0.51983933 EO Epsilon la) of 







Computer ha1 ted a f t e r  s i x  i terat ions.  
I 
Computer ha1 ted a f te r  three i terations.  
I 
Computer ha1 ted a f t e r  one i terat ion.  
I 
Computer ha1 ted a f t e r  one i terat ion.  
I 













Table 6. .Results o f  F and G Series PODM for  Relay-I1 O r b i t  
-0.67073406 EO ' -0.18589597 E-01 0.58076722 EO 
-0.67072313 EO -0.18613540 E-01 0.58077789 EO 
Angul ar  QiffeJence 

















Reference Orbit X Dot 
i s  -0.67069755 EO 




Reference Orbit Y Dot 





Reference Orbit Z Dot 
i s  0.58071281 EO 
( CUL/CUT)  
0.58100110 EO 
Iterations 
Required t o  
Obtain an 
Epsilon 1;) o f  
- <lo-  
3 
-0.67058782 EO -0.18673756 E-01 0.58069903 EO 8 
-0.67050862 EO -0.18611443 E-01 0.58056860 EO 13 
-0.67043325 EO -0.18305457 E-01 0.58028936 EO 17 
-0.19824139 E-01 0.57848394 EO 0.53834986 EO I=25* 
-0.24107564 E-01 0.57356778 EO 0.43500250 EO I=25* 
Computer ha1 ted a f t e r  four i t e ra t ions .  
I 
Computer halted a f t e r  one i te ra t ion .  
I 
Computer ha1 ted a f t e r  one i te ra t ion .  
* Did not  converge. 
Table 7. Results o f  Iteration of Semiparameter PODM for  OSO-I11 Orbit 
True Anomaly Computed Computed Computed 
i . e . ,  ~2 - ~1 i s  -0.67128213 EO i s  0.45237915 EO i s  -0.51983933 EO 
Angul ar+Diff$rence X Dot Y Dot Z Dot 
of r i  -+ r2 Reference Orbit X Dot Reference Orbit Y Dot , Reference Orbit Z Dot 




























Computer halted a f t e r  one i terat ion.  
Computer ha1 ted a f t e r  two i terations.  












Required t o  
Obtain an 
Epsilon ( E )  of 









Table 8. Results of I terat ion of Semiparameter PODM for  Relay-I1 Orbit 
Computed 
Y Dot 
Reference Orbit Y Dot 
i s  -0.18565986 E-01 
(CUL/CUT)  
True Anomaly Computed 
of r l  + r2 
i . e . ,  v2 - v 1  
(Degrees) (CUL/CUT) 
Angul ar+Di fference X Dot 
Reference Orbit X Dot 
is  -0.67069755 EO 
-0.67100717 EO 
5.0 I, -0.67073406 EO 
Computed 
Z Dot 
Reference Orbit Z Dot 












-1 -0.18597543 E-01 0.58100110 EO 
-0.18589597 E-01 1 0.58076722 EO 
-0.67072314 EO ' -0.18613537 E-01 
-0.67063993 EO -0,18632343 E-01 
-0.67060216 EO -0.18680947 E-01 
-0.67058860 EO -0.18723889 E-01 
-0.67057669 EO -0.18726365 E-01 
-0.67057675 EO -0.18730629 E-01 
-0.67058717 EO -0.18732987 E-01 
Computer halted a f t e r  f ive i terat ions.  
Computer ha1 ted a f t e r  two i terat ions.  




Required t o  
Obtain an 
Epsilon ( E )  of 
- q o - 1 0  
15 
9 
~ 0.58077790 EO 8 
0.58072454 EO 9 
' 0.58071562 EO 7 
0.58070555 EO 11 
' 0.58066965 EO 11 
0.58064458 EO 8 
0.58060167 EO 10 
I 
Table 9. Results o f  Gaussian PODM f o r  O S O - I 1 1  O r b i t  
I True Anomaly 
'i Angular+Diff$rence 
o f  r l  + r2 













* Did  no t  converge. 
Computed 
X Dot 
Reference O r b i t  X Dot 









Reference O r b i t  Y Dot 







Computer ha l ted  dur ing  f i r s t  i t e r a t i o n .  
I 
Computer ha1 t e d  dur ing f i r s t  i t e r a t i o n .  
I 
Computer ha1 ted  dur ing f i r s t  i t e r a t i o n .  
I 
Computer ha1 t e d  dur ing  f i r s t  i t e r a t i o n .  
I 
Computer ha1 t e d  dur ing f i r s t  i t e r a t i o n .  
I 




Reference O r b i t  Z Dot 
i s  -0.51983933 EO 







I t e r a t i o n s  








Table 10. Results of Gaussian PODM for  Relay-I1 Orbit 
True Anomaly 
Angul ar+Diff$rence 
















* Did not converge. 
Computed 
X Dot 
Reference O r b i t  X Dot 
i s  -0.67069755 EO 








0.38514860 E-0 1 
Computed 
Y Dot 
Reference Orbit Y Dot 










Computer ha1 ted a f t e r  f i r s t  i terat ion.  
I 
Computer halted d u r i n g  f i r s t  i t e ra t ion .  
I 
Computer halted during f i r s t  i terat ion.  
I 




Reference Orbit Z Dot 
i s  0.58071281 EO 
(CUL/CUT) 









Required t o  
Obtain an 
Epsilon E )  o f  









Table 11. Results of Iteration of True Anomaly PODM for OSO-I11 Orbit 
True Anomaly Computed 
Angular qifference X Dot 
of r l  -+ r2 
i.e., v2 - v1 
Reference Orbit X Dot 
i s  -0.67128213 EO 
























Y Dot Z Dot 
Reference Orbit Y Dot Reference Orbit Z Dot 
i s  0.45237915 EO i s  -0.51983933 EO 

























Required t o  
Obtain an 












Table 12. Results of I terat ion of True Anomaly PODM for  Relay-I1 O r b i t  
True Anomaly 
lngul ar $i ffezence 
of r l  + r2 
i . e . ,  v2 - v i  
(Degrees) 
Computed Computed Computed I terat ions 
X Dot Y Dot Z Dot Required t o  
Reference Orbit X Dot Reference Orbit Y Dot Reference Orbit Z Dot Ob ta in  an 
i s  -0.67069755 E O  i s  -0.18565986 E-01 is 0.58071281 EO Epsilon 1;) of 




10 .o -0.67072314 EO I -0.18613537 E-01 0.58077790 EO 13 
21 .o -0.67063993 EO -0.18632342 E-01 0.58072454 EO 14  
40 .O -0.67060216 EO -0.18680947 E-01 0.58071562 EO 12 
60 .O -0.67058860 EO -0.18723889 E-01 0.58070555 EO 10 
72.0 -0.67057669 EO -0.18726361 E-01 0.58066965 EO I=25* 
I -0.18597543 E-01 
-0.18589597 E-01 ' 0.58076722 EO 
2.5 1 -0.67100717 EO 
5.0 -0.67073406 EO 
I 
85 .O -0.67057675 EO -0.18730629 E-01 , 0.58064458 EO 10 
105.0 -0.67058716 EO -0.18732997 E-01 0.58060167 EO 9 
237 .O -0.46843289 E-01 -0.32805744 E-02 0.41666293 E-01 I=25* 
290 .O 
360.0 
Computer halted a f t e r  two i terat ions.  
I 
Computer ha1 ted a f t e r  four i terat ions.  
I I 
I 
*Did n o t  converge. 
Table 13. Posi t ion  and Time PODM C l a s s i c a l  Orbi ta l  Element Comparisons - Semimajor Axis 
True Anomaly Nominal 
Angular Semimajor . F and G 1 t e ra t i . on  I t e r a t i  on 
Di f f e rence Axis from Gaussian S e r i e s  o f  o f  
of  -+ ?2 Reference PODM PODM True Anomaly Semi parameter 
i . e . ,  9 - v 1  Orbit PODM PODM 
(Degrees ) (Earth Radii ) 


























I 1.0860143 , 1.0860143 1.0860 143 
' 1.0866115 ' 1.0866115 . 1.0866115 
1.0871705 ~ 1.0871707 1.0871705 I 
1.7448736 
No d a t a  
0.93732551 
No d a t a  
No d a t a  
No d a t a  
No d a t a  
No d a t a  






No d a t a  
0.73778052 
0.73953397 
No d a t a  
No d a t a  
No d a t a  
No d a t a  
1.0874878 
0.79332067 
No d a t a  
No d a t a  
No d a t a  
No d a t a  
No da ta  










No d a t a  
No d a t a  






No d a t a  
0.55171611 











No d a t a  
No d a t a  









No d a t a  
No d a t a  










No d a t a  
No d a t a  
No d a t a  










No d a t a  
0.97499981 










No d a t a  
No d a t a  
No d a t a  




o f  + ?2 
i . e . ,  v2 - v1  
(Degrees ) 
Nominal 
E c c e n t r i c i t y  














F and G 





No d a t a  
0.52792947 
No d a t a  
No d a t a  
No d a t a  
No d a t a  
No d a t a  
No d a t a  
I t e r a t i o n  I t e r a t i o n  
o f  o f  
True Anomaly Semi parameter  
PODM PODM 







No d a t a  
No d a t a  
No d a t a  
No d a t a  
No d a t a  









No d a t a  
0.96439317 





0.00 29 92 5485 
0.049560352 
0.00 2 36 7 20 9 4 
0.0022529505 
No d a t a  
No d a t a  









No d a t a  
0.11970044 
No d a t a  


















No d a t a  
0.99999997 
0.99999982 
No d a t a  
No d a t a  
No d a t a  










No d a t a  
No d a t a  











No d a t a  











No d a t a  
No d a t a  










No d a t a  
No d a t a  
No d a t a  
No d a t a  i n d i c a t e s  program f a i l e d  i n  computing 'these v a l u e s .  
Table 15. Pos i t i on  and Time PODM Class ica l  O r b i t a l  Element Comparisons - Longitude o f  Ascending Node 
r ~~ ~ 
Nominal 
True Anomaly Longi ti tude 
I t e r a t i  on I t e r a t i o n  Lambert-Eul e r  Angular of Ascending Gaussian F and G 
of P1 -f P2 Reference PODM True Anomaly , Semi parameter 
Di f ference Node from PODM Series o f  o f  PODM 
i.e., 9 - O r b i t  PODM PODM 
( Degrees ) (Radi ans ) 














































































































































1 No data ind ica tes  program f a i l e d  i n  computing these values. 




D i  ffe+rence+ 
of r l  + r 2  




I t e r a t ion  















I t e r a t ion  






















F and G 
Series 
PODM 
0.57368666 ~ 0.57368666 
0.57347473 , 0.57347473 
0.56982104 , 0.56982104 
0.57260595 0.57260595 
No data No data  
2.5686864 No data 
0.57160489 i 0.57160489 



























































I No data 
No data 
i 0.80873386 

























No data indicates program fa i l ed  i n  computing these values. 






No d a t a  
No d a t a  
No d a t a  
No data  




o f  r1+ r2 
i . e . ,  ~2 - 


























~ -- ~~ _ _ _ _ ~  ~~ 
Nominal 
I t e r a  t i  on I t e r a  t i  on Lambert-Eul e r  Argument F and G 
from PODM PODM True Anomaly Semi parameter  
Ref e re nce PODM PODM 
Orbit 
(Radians ) 






No d a t a  
No d a t a  
No d a t a  
No d a t a  
No d a t a  
No d a t a  





- 3.2 308644 
-2.9238213 
No d a t a  
No d a t a  
No d a t a  
No d a t a  
No d a t a  










No d a t a  









No d a t a  
No d a t a  










No d a t a  
No d a t a  
No d a t a  











No d a t a  










No d a t a  
No d a t a  










No d a t a  










No d a t a  
No d a t a  
No d a t a  
Table 18. Computer Core Requirements 
~ . ~ ~. 
PODM 
- . . ~ 
Lambert-Eul e r  
F and G Series 
I terat ion o f  Semi parameter 
Gaussian 
I te ra t ion  of True Anomaly 





Tri 1 a t e r a t i  on 
Herrick-Gi bbs 
Computation for  Range, Range 
Rate, and Angle Data 
. . .- .-. . - - -  __ 
. .  
No. of 24-Bit  
Words Required 















Table 19. PODM Computation Time 
PODM 
Posit ion and Time 
F and G Series 
Gaussian 
Iteration of 
Semi  parameter 
Iteration of the 
True Anomaly 
Lambert-Eu leu 
Anclles O n l v  
Laplace 
Double R-Iteration 
Method of Gauss (1) 
Mixed Data 
Herrick-Gi bbs 
R-l t erat i on 
Modified Laplacian 
Triateration 
Total Time for 
Program with 
One Iteration 
(Mi  I l iseconds) 














"Solut ion for 
Classical 
Elements" 





























(1) Method of  Gauss has two iteration loops 
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Table 20. Ease of Convergence 
Average Number of Iterations Required PODM 
Lambert- Euler 
F and G Series 
Gaussian 
iteration of Semiparameter 



















1 2  
Table 21. Best  Overall Results for Radius Vector Spread 
Range of  Radius Vector Spread 
0 "  < v <45"  
45" < v < 140" 
. 
PODM 
F and G Series 
Gaussian 
Lambert-Eu lev 
Iteration of True Anomaly 
Iteration of Semiparameter 
.^ I_ - 
Table 22. Order of Selection for Optimum PODM 
Lambert-Eu ler 
iteration of Semiparameter 
iteration of True Anomaly 
Gaussian 

















Best Overal I 
Accuracy 
1-2 





Table 23. OSO-I11 Range/Range Rate and Angular Data 
(Topocentr ic Coordinate System) 
Data 










































0.10629221 E l  
0.10793174 E l  
0.11280901 E l  
0.10531220 EO 
0.35115898 EO 
































0.10182674 E l  
-0.93053247 EO 
0.80771167 EO 
0.10249512 E l  
-0.93836480 EO 
0.24410711 EO 







-0.28127920 E-1  
-0.17638387 EO 
-0.22924942 EO 














0.10773335 E l  
0.81921376 EO 
0.58326064 EO 
0.20783978 E l  
0.18328840 E l  
0.10121787 E l  
0.25539242 E l  
0.24667446 E l  
0.17591614 E l  
0.29501521 E l  
0.29287723 E l  
0.26801299 E l  
0.31159661 E l  
0.97278986 EO 
0.10951673 E l  
0.12266098 E l  
0.13128296 E l  
-0.27920773 E l  
























S t a t i o n  
Name 
Qui  t o  
Lima 
Santiago 
Qui  t o  
Lima 
Santiago 
Qu i  t o  
Lima 
Santiago 
Qui  t o  
Lima 
Santiago 



















Range R igh t  
Data Ranqe Rate Decl i n a t i  on Ascension 
Table 23. OSO-I11 Range/Range Rate and Angular Data 
(Topocentr ic  Coordinate System) 
Epoch 67Y 10M 20D OOH OOM 00s (Cont 'd)  
Time from 
Epoch 
a I (Minutes) 1 Point I &) I (CULjCUT) P 1 6 1 (Radians) j (Radians) 
S t a t i o n  
Name 
I 
0.41131892 EO 0.82112059 EO 0.15782305 EO -0.18084010 E l  0.46500000 E3 
0.10993237 EO 0.37522557 EO -0.42843954 EO -0.22250441 E l  0.46500000 E3 
10 0.11169323 E l  0.72873755 EO 0.46343195 EO -0.12996834 E l  0.47700000 E3 
10 0.80621682 EO i 0.79408998 EO 0.50347015 EO -0.11542474 E l  0.47700000 E3 
10 ~ 0.11916632 E l  -0.18574710 EO I 0.57157446 EO -0.29859676 E l  0.47700000 E3 
l g  9 





O r r o r a l  
Qu i  t o  
0.50359872 EO ' -0.79805117 EO I 0.25089801 EO -0.16507695 EO 0.52500000 E3 Lima 
0.75736078 EO -0.79022343 EO 0.66279248 EO 0.87279491 E-1  0.52500000 E3 Sant i  ago 
I t  I 
Da.ta Range 










































0.11581804 E l  
0.82155313 EO 
Table 24. Relay-I1 Range/Range Rate and Angular Data 
(Topocent r ic  Coordi na t e  System) 












-0.99906213 E - 1  
-0.27766471 EO 
0.20802940. EO 
-0.50294936 E - 1  
-0.23487703 EO 
0.26243882 EO 
0.47002459 E - 1  
-0.14232829 EO 










-0.92884152 E - 1  
-0.39567188 EO 
0.35817955 EO 
-0.31316161 E - 1  
-0.34230491 EO 
.0.40330177 EO 


















0.14776794 E l  
0.13783888 E l  
0.13681167 E l  
0.15330759 E l  
0.14447979 E l  
0.14374326. E l  
0.15872940 E l  
0.15102860 E l  
0.15058797 El 
0.16924963 E l  
0.16384893 E l  
0.16400535 E l  
0.18964100 E l  
0.18833043 E l  
0.20403390 E l  
0.23705836 E l  
0.23382376 E l  
0.24594815 E l  
0.28211775 E l  
0.27765901 E l  

























S t a t i o n  
Name 
Sant iago  
Lima 
Quito ' 
Sant iago  
Lima 
Qui t o  
Sant iago  
Lima 
Q u i  t o  
Sant iago  
Lima 
Q u i  t o  
Qui t o  
Lima 
F t .  Myers 
Quito . 
Lima 
F t .  Myers 





















( C E L )  
0.94366490 EO 
0.98530497 EO 
0.14629012 E l  
0.10622621 E l  
0.98419844 EO 
0.13977209 E l  
0.12613358 E l  
0.10284237 E l  
0.13111786 E l  
0.17091122 E l  
0.16446661 E l  
0.20003376 E l  
0.15747209 E l  
0.15069416 E l  
0.15144226 E l  
Table 24. Relay-I1 Range/Range Rate and Angular Data 
(Topocentric Coordi nate System) 






-0.37367764 E-1  
-0.18644757 EO 
0.32951433 EO 








0.56274620 E- 1 
-0.13631837 EO 
-0.22774245 EO 


















R i g h t  
Ascension 
(Radi ans ) 
a 
0.31312779 E l  
0.26491460 E l  
0.24023389 E l  
-0.29201484 E l  
0.28497676 E l  
0.25287457 E l  
-0.25714658 E l  
-0.30762094 E l  
0.27536675 E l  
-0.14992882 E l  
-0.18418508 E l  
-0.13362718 E l  
0.14646764 E l  
0.13537631 E l  



















Sta t ion  
Name 
F t .  Myers 
Newfoundl and 
Winkfiel d 
F t .  Myers 
Newfoundl and 
Wi nkfield 
F t .  Myers 
Newfoundl and 






Qui t o  
Table 25. OSO-I11 Data Po in ts  and S ta t i ons  Used 
f o r  PODMs Requi r i n g  Angul a r  
and Mixed Data Inpu ts  
Data 





























S t a t i o n  f o r  
Three-Sta t i on 
Inputs  
. .  
Qu i  t o  
Lima 
Santiago 
Qu i  t o  
Lima 
Santiago 
Qu i  t o  
Lima 
Santiago 
Qu i  t o  
Lima 
Santiago 















S t a t i o n  f o r  
Sing1 e - S t a t i  on 
I n p u t  
Qu i  t o  
Qu i  t o  
Qu i  t o  
Qu i  t o  
Qu i  t o  
Qu i  t o  
Qu i  t o  
Qu i  t o  
Qu i  t o  
Qu i  t o  
Qu i  t o  
Qu i  t o  
Qu i  t o  
Qu i  t o  













Three S ta t i ons  w i t h  
I n p u t  Resolved t o  
S ing le  Time I n p u t  
Data 




























S t a t i o n  
Santiago 
Lima 
Qui  t o  
Santiago 
Lima 
Qu i  t o  
Santiago 
Lima 
Qui  t o  
Santiago 
Lima 
Qu i  t o  
Santiago 
Lima 






Or ro ra l  
Santiago 
Lima 
Qu i  t o  





T a b l e  25. ' OSO-I11 Data P o i n t s  and S t a t i o n s  Used 
for  PODMs Requ i r ing  Angul a r  
and Mixed Data Inputs  ( C o n t ' d )  
1 S t a t i o n  for 
S i  ngl e - S t a t i  on 
I n p u t  
' S t a t i o n '  for 
I n p u t s  
P o i n t s  T h r e e - S t a t i  on 
_-__ 
Three  S t a t i o n s  w i t h  
I n p u t  Resolved t o  .. 










I I . .  
S a n t i a g o  
. Johannesburg 
Madagascar 
Q u i  t o  
Lima ' 
.Sant iago  
Qui t o  
Lima 





Q u i  t o  
Q u i  t o  
Q u i  t o  
Q u i  t o  
Q u i t o  . 
Q u i t o  . 
.. . .- 
I station 
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Table 26. Relay-I1 Data Points and Stations- Used f o r  
PODMs Requiring Angular and 































Sta t ion  f o r  
Three-Station 
Inputs 
San ti ago 
Lima 
Qui  t o  
Santiago 
Lima 
Q u i  t o  
Santiago 
Lima 
Q u i  t o  
Santiago 
Q u i  t o  
Lima ' 
Santiago 
Q u i  t o  
Lima 
Q u i  t o  
Lima 
F t .  Myers 
Q u i  t o  
Lima 
F t .  Myers 
Q u i  t o  
Lima 
F t .  Myers 
Qui  t o  
Lima 
F t .  Myers 
S ta t ion  f o r  
Single-Station 
Input 
Qui  t o  
Q u i  t o  
Q u i  t o  
Qui t o  
Q u i  t o  
Qui t o  
Q u i  t o  
Q u i  t o  
Qui  t o  
Q u i  t o  
Q u i  t o  
Q u i  t o  
Q u i  t o  
Q u i  t o  
Q u i  t o  
F t .  Myers 
F t .  Myers 
F t .  Myers 
F t .  Myers 
F t .  Myers 
F t .  Myers 
F t .  Myers 
F t .  Myers 
F t .  Myers 
F t .  Myers 
F t .  Myers 
F t .  Myers 
Three Sta t ions  w i t h  
Input Resolved t o  
































Sta t ion  
Santiago 
Lima 






Qui t o  
,Santiago 
Lima 
Q u i  t o  
Q u i  t o  
Lima 
F t .  Myers 
Q u i  t o  
Lima 
F t .  Myers 
Q u i  t o  
Lima 
F t .  Myers 
F t .  Myers 
Newfoundl and 
Win kfiel  d 



















Table 26. Relay-11 Data Points and Sta t ions  Used f o r  
PODMs Requi r ing  Angul a r  and 
Mixed Data Inputs (Cont'd) 
. . . I __ . 
Sta t ion  f o r  
Three-Stati on 
Inputs 
Q u i  t o  




Q u i  t o  
Santiago 
Lima 
Q u i  t o  
San t i  ago 
Lima 
Q u i  t o  
. ~. 
Sta t ion  f o r  
Si n g l  e-Station 
Input 
F t .  Myers 
F t .  Myers 
F t .  Myers 
Q u i  t o  
Q u i  t o  
Q u i  t o  
Q u i  t o  
Q u i  t o  
Q u i  t o  
Q u i  t o  
Q u i  t o  
Q u i  t o  
Three Sta t ions  w i t h  
Input Resolved t o  












N / A  
N/A 
N / A  
___-- 
Stat ion 
F t .  Myers 
Newfound1 and 
Wi n k f  i e l d  
Santiago 
Lima 








Table 27. Results of Method of Gauss PODM for  OSO- I11  
I '  
Angu1:r j Dif ference Reference O r b i t  Reference O K %  Reference O r b i t  Number 
True Anomaly ' J--- Com uted X Dot Computed 1 D o t  Computed Z Dot  
$1 + r2 $3 + $1 X Dot a t  T 2  Y Dot a t  T 2  Z Dot a t  T 2  o f  
(Degrees) (Degrees ) (CUL/CUT) (CULI CUT 1 (CUL/CUT) (1)  











11.4 -0.70791722 EO 0.39743942 EO ' -0.52158271 EO 1918 
-0.70685743 EO 0.40013314 EO -0.51534094 EO 
22.8 -0.70667326 EO 0 .'39969767 EO -0.51601203 EO 
-0.70685743 EO 0.40013314 EO -0.51534094 EO 
45.6 1 -0.70657644 EO 0.39983035 EO -0.51529424 EO 











































Table 27. Results o f  Method of Gauss PODM fo r  OSO-I11 (Cont'd) 
Computed -- X Dot 
Reference Orbit 
r l  -b r2 X Dot a t  T 2  
Computed Y Dot 
Reference Orbit Reference Orbit Number 
Computed Z Dot  
Y Dot a t  T 2  Z Dot a t  T 2  of 
I te ra t ions  
" 360 .O NO DATA ~ NO DATA NO DATA 141 3 
-0.70685743 EO 0.40013314 EO -0.51534094 EO 
~ (4) 3.8 w 
CD 
Q, 
( 5 )  45.6 360 .O N O  DATA N O  DATA N O  DATA 
-0.87135390 EO -0.23408489 EO -0.3Z09258 EO 
2516 
I 
(1) Method o f  Gauss has two i t e r a t ion  loops (1/2) 
( 2 )  
( 3 )  
( 4 )  
( 5 )  
Computer halted a f t e r  th i rd  i t e r a t ion  of second loop 
Computer halted a f t e r  f i f t h  i t e r a t ion  of second loop 
Computer halted a f t e r  th i rd  i t e r a t ion  of second loop 
Computer halted a f t e r  s ixth i t e r a t ion  of second loop 
Table 28. Resul ts  of Method of Gauss PODM for Relay-I1 
NO DATA 
-0.35627838 E- 1 
NO DATA 
-0.65562172 EO 
I True Anomaly Computed X Dot Computed Y Dot Computed Z Dot 
qngu1 sr ' Di+ffer$nce ' Reference Orbit Reference Orbi t  Reference Orb i t  Number 
X Dot a t  T 2  Y Dot a t  T 2  Z Dot a t  T 2  of  
I (1) 
I t e r a t i o n s  . r 3  + r 1  vl- i . e . ,  v3 - v i  1 .e . ,  v2- - . r l  - + r 2  











-0.65573896 EO -0.48529845 E- 1 0.58465493 EO 
-0.65562172 EO -0.48674037 E-l 0.58641873 
-0.65577567 EO -0.47736815 E- 1 0.58613153 EO. 
-0.65562172 EO -0.48674037 E-l 0.58641873 EO 
-0.65584460 EO -0.47958021 E - 1  0.58649359 EO 
-0.65562172 EO -0.48674037 E-l 0.58641873 EO 
5.0 21.0 -0.63987321 EO -0.77623212 E-1  0.. 59iio496 EO 
-0.63983417 EO -0.77927626 E-l 0.59099381 EO 
10 .o 21.0 i -0.60642894 EO -0.13341274 EO ' 0.59706499 EO 
-0.60637538 EO -0.13383906 EO 0.59694559 ! 
20 .o 32 .O 
20 .o ~ 45.0 
20 .o 
32.0 
(2 )  45.0 





-0.22620569 EO -0.49453221 EO 
-0.22604802 EO -0.49460573 EO 
-0.22630405 EO , -0.49457044 EO 
-0.22604802 EO -0.49460573 EO 
-0.22658515 EO -0.49480670 EO 
-0.22604802 1 -0.49460573 EO 
-0.11872069 EO -0.54240256 EO 























Table 28. Results of Method of Gauss PODM fo r  Relay-I1 (Cont'd) 
Computed Z Dot 
Ref e ren ce-OXt 
Z Dot a t  T2 
(CUL/CUT) 
NO DATA 
0 . 5 V 3 m  EO 
NO DATA 
0 . 4 K 6 m  EO 
True Anomaly Computed X Dot Computed Y Dot 
Angulqr Dif f e r$n ce Reference O r b i t  Reference-Omt 
X Dot a t  T 2  Y Dot a t  T2 + r 3  -? r l  
Number 
of 
I terat ions 
14/3 
25/3 
I I I 
( 4 )  21.0 360.0 NO DATA NO DATA 
-0.5339II-D EO - 0 . 2 X 6 D X  EO 
( 5 )  60.0 NO DATA NO DATA 1 360'0 1 -0.22604802 EO 1 - 0 . 4 a 6 m  EO 
(1) Method of Gauss has two i te ra t ion  loops (1/2) 
( 2 )  Computer halted a f t e r  f i f t h  i te ra t ion  of second loop 
( 3 )  Computer halted a f t e r  t h i r d  i t e ra t ion  of second loop 
( 4 )  Computer halted a f t e r  t h i r d  i t e ra t ion  of second loop 
(5 )  Computer halted a f t e r  third i te ra t ion  of second loop 
Table 29. Results of Laplace PODM f o r  OSO-I11 
0.40013314 EO -0.51534094 EO 
True Anomaly Computed X Dot Computed Y Dot Computed Z Dot I D  4ngul  EI+r i+ffere+nce Reference Orbit Reference Orbit Reference Orb i t  Number 
rl  -+ r2  r3 + r l  X Dot a t  T 2  Y Dot a t  T 2  Z D o t  a t  T 2  o f  
I t e r a t i o n s  i . e . ,  v2 - v1 i . e . ,  v3 - v1 
(Degrees) (Degrees ) (CUL/CUT ) (CUL/CUT) (CUL/CUT) 
1 
3.8 11.4 -0.62214854 EO -0.42083550 E l  -0.18298844 E2 25 
-0.70685743 EO 1 0.40013314 EO I -0.51534094 EO ' 
3.8 22.8 -0.12509150 E l  1 0,81876243 EO 0.26324664 E l  25 

















-0.17521341 E l  
-0.76862972 EO 
-0.11041127 E l  
-0.83592404 EO 




0.25079742 E l  
-0.55646495 EO 
















0.23126402 E l  
0.55149247 E-1 
0.45458931 E 
0.55149247 E-1  






Table 29. Resu l t s  of  Laplace PODM f o r  OSO-I11 ( C o n t ' d )  
True Anomaly 
r 3  -+ r l  
i . e . ,  v2 - VI i . e . ,  v3 - 
$ngul$r Dif f er$nce 
r l  -+ r 2  
(Degrees) (Degrees)  
Computed X Dot Computed Y Dot Computed Z Dot 
Reference Orbit Reference O r b i t  Reference O r b i t  Number 
X Dot a t  T2 Y Dot a t  T2 Z Dot a t  T2 of 
I t e r a t i o n s  




111.6 1 0.95421127 
0.84194416 
3.8 I 360.0 -0.17796285 
-0.70685743 
I 
45.6 360 .O 0.42930140 
-0.87135390 
E - 1  -0.44695439 EO ~ 0.27811717 -
E - 1  -0.86372645 EO 0.40548748 
- E l  0.78874290 EO 0.38617'498 
EO 0.40013314 EO -0.51534094 
- E l  0.33948553 EO -0.56191323 
EO -0.23408489 EO -0.32909258 
EO ' 25 
EO 
- 






Table 30. Results o f  Laplace PODM f o r  Relay-I1 
45.0 
True Anomaly Computed X Dot Computed -__ Y Dot Computed Z Dot 
gngulgr Di+f f e r$n ce Reference-Oxt  Reference Orbi t  Reference Orb i t  Number 
r l  + r2 r3 + r l  X Dot a t  T 2  Y Dot a t  T2 Z Dot a t  T2 o f  
I t e r a t i o n s  i . e . ,  v2 - v i  i . e . ,  v3 - v l  
(Degrees) (Degrees) ( C U L / C U T )  ( C U L / C U T )  (CUL/CUT) 
65.0 ' -0.36805806 E - 1  -0.59926305 EO 0.54858426 EO 25 











10 .o  
21.0 
21.0 
























-0.48674037 E-1  
-0.18666574 El 











0.36820326 E l  
0,58641873 EO 







0.69450731 EO 25 
0.49560149 EO 
0.45146978 EO 25 
0.49560149 EO 
-0.12063448 EO 10 
0.49560149 EO I 
0.13009035 E l  
0.43373466 EO 




D l f  f e rp  ce 
360.0 - 0.77590448 E l  
-0.53391142 EO 
360 .O 0.14735411 E l  
-0.22604802 EO 
X Dot a t  T2 
( cu L/  CUT) 
2.5 360.0 -0.20583222 E l  
-0.65562172 EO 
Computed Y Dot 
Reference Orbi. t 






0.15238060 E l  
-0.49460573 EO 




-0.16625441 E l  
0.59733711 EO 
Number 
o f  




Table 31. Results o f  Double R- I te ra t i on  PODM f o r  O S O - I 1 1  
-0.55646495 EO -0.77864062 EO 
' 22.8 111.6 -0.11258185 EO , 0.18068761 EO 
-0.55646495 EO -0.77864062 EO 
-0.26254772 EO -0.88822925 EO 
6 8 * 4  I -0.25549497 EO -0.88905191 EO 45.0 
- ~~~ ~ 
True Anomaly Computed X Dot Computed -- Y Dot Computed Z Dot 
Angular D i f fe rence Reference O r b i t  Reference O r b i t  Reference-Omt Number 
r l  + f 2  
i.e., ~2 - q i . e . ,  v3 - vl I t e r a t i o n s  F3 + X Dot a t  T2 Y Dot a t  T 2  Z Dot a t  T2 o f  
+ 
(Degrees) (Degrees) (CUL/CUT) ( CULICUT) (cu L/ CUT) 
0.55149247 E-1  
-0.19051456 EO 25 
0.55149247 E-1 





111.6 NO DATA NO DATA NO DATA 25 







0.10753446 E-1  0.66555841 E - 1  0.51606808 E-1  25 
-0.70685743 EO 0.40013314 EO -0.51534094 EO 
-0.14092275 EO -0.29962388 E - 1  -0.91042634 EO 
-0.70685743 EO 0.40013314 EO -0.51534094 'ED 
0.13710653 E - 1  -0.11286502 EO -0.16121196 EO 
-0.70685743 EO ' 0.40013314 EO -0.51534094 'ED 
0.26168193 EO -0.38736629 E l  -0.16471906 E l  




Table 31. Resul t s  of Double R - I t e r a t i o n  PODM f o r  OSO-I11 ( C o n t ' d )  
True Anomaly Computed X Dot 
Angular Di f fe rence  Reference O r b i t  
T1 + T2 F3 + F1 X Dot a t  T 2  
Computed Y Dot 
Reference O r b i t  Reference Orbit Number 
Computed Z Dot 
Y Dot a t  T2 Z Dot a t  T2, of 
I 
3.8 1 360.0 -0.15743479 EO ' -0.13771405 EO i -0.21949831 EO 25 
1 -0.70685743 EO 1 0.40013314 EO 




- 0 . 8 T 3 m  EO -0.23408489 EO -0.3ZO9258 EO 
(1) 
( 2 )  
( 3 )  
Computer ha1 t ed  a f t e r  twen ty - f i f th  i t e r a t i o n  
Computer ha1 ted  a f t e r  twen ty - f i f th  i t e r a t i o n  
Computer ha1 ted a f t e r  twen ty - f i f th  i t e r a t i o n  
Table 32. Results o f  Double R- I te ra t i on  PODM f o r  Relay- I1  
NO DATA 
-0.3%27838 E - 1  
I 
True Anomaly Computed X Dot Computed Y Dot Computed Z Dot 
$ng u 1 2r ' Di+f f e r e  n ce Reference O r b i t  Reference O r b i t  Reference-Orbit Number 
r l  + r2 r3 + F1 X Dot a t  T2 Y Dot a t  T2  Z Dot a t  T2 o f  
I t e r a t i o n s  i .e.,  v2 - VI i .e . ,  V 3  - v1 
(Degrees) (Degrees) (CUL/CUT) (CUL/C'JT) (CUL/CUT) 
N O  DATA 
-0.56593395 EO 
(1) 2.5 5.0 NO DATA NO DATA NO DATA 25 
















-0.91421077 EO , 0.28383640 -0.67260774 E - 1  25 
-0.65562172 EO -0.48674037 E- 1 0.58641873 EO 
-0.27019848 EO -0.45272405 EO 0.46024761 EO 25 
-0.65562172 EO -0.48674037 E-1 0.58641873 
NO DATA NO DATA NO DATA 25 
-0.63983417 EO -0.77927626 E - 1  0.59099381 EO 
NO DATA NO DATA NO DATA 
-0.60637538 EO -0.13383906 EO 0.59694559 EO 
NO DATA 
-0.22604802 EO 
NO DATA NO DATA 
.O .4=6O573 EO 0 . 4 E 6 m  EO 
25 
25 
0.66520513 E-1  0.52704750 E-1 0.58966469 EO 25 
-0.22604802 EO -0.49460573 EO 0.49560149 EO i 
0.37515994 E - 1  
-0.22604802 EO 
I 
0.50194898 E-1  0.43918827 EO 
,0.49460573 EO ~ 0.49560149 EO 
25 
NO DATA 
~ - 0 . l E 7 m  EO I - 0 .  NO DATA NO DATA 25 ,54226741 EO I 0 . 4 3 7 m  EO 1 
NO DATA 
0 . 3 n 6 m  EO 
25 
Table 32. Results of Double R-Iteration PODM f o r  Relay-I1 (Cont'd) 
Computed X Dot Computed Y Dot Computed Z Dot True Anomaly -- 
Difference Reference O r b i t  Reference Orbit Reference Orb! t 
X Dot a t  T2  Y Dot a t  T 2  Z Dot a t  T 2  
(Degrees) (Degrees) , (CUL/CUT)  j ( CUL/ CUT) ( C U L / C U T )  
+ Angular r l  + f 2  
i . e . ,  v2 - v1 
r3 + T1 + 




I te ra t ions  
I 
I 
I 360.0 i 2.5 





I 360 .O 
I 
-0.52220508 E-1  i -0.34564548 0.22778349 E - 1  1 25 
-0.65562172 EO -0.48674037 E - 1  . 0.58641873 EO 
NO DATA N O  DATA NO DATA I 
-0 .5339TZT EO -0.23461233 EO j 0.59733711 EO 
25 
1 60.0 1 360.0 0.41528271 E-2 -0.38793737 E - 1  -0.12068895 E - 1  , 25 1 -0.22604802 EO 1 -0.49460573 EO 0.49560149 EO , -L 
(1) 
( 2 )  
( 3 )  
( 4 )  
( 5 )  
( 6 )  
( 7 )  
Computer ha1 ted a f t e r  twenty-fifth i t e r a t ion  
Computer ha1 ted a f t e r  twenty-fifth i t e r a t ion  
Computer ha1 ted a f t e r  twenty-fifth i t e r a t ion  
Computer ha1 ted a f t e r  twenty-fifth i t e r a t ion  
Computer ha1 ted a f t e r  twenty-fifth i t e r a t ion  
Computer ha1 ted a f t e r  twenty-fifth i t e r a t ion  
Computer ha1 ted a f t e r  twenty-fi f t h  i t e r a t ion  
Table 33. Resul ts  of Modified Laplacian PODM f o r  OSO-I11 
True A 
$ngul$r 
i . e . ,  v2 - 
(Degrees ) 











ma 1 y 
Difference + r3 + 












Computed -- X Dot 
Reference Orbi t  
X Dot a t  T2 



















Computed Y Dot 
Reference Orbi t  
Y Dot a t  T2 



















Computed 2 Dot 
Reference Orbi t  
Z Dot a t  T 2  
( C U L / C U T )  
-0.626946 17 EO 
-0.51534094 EO 





















Table 33. Results o f  Modif ied Laplac ian PODM f o r  O S O - I 1 1  (Cont 'd)  
True Anomal Computed X Dot Computed Y Dot Computed Z Dot 
Reference O r b i t  Reference O r b i t  Reference O r b i t .  
Z Dot a t  T2 
(Degrees) (Degrees ) (CUL/CUT) ( CUL/CUT ) (CUL/CUT) 
Number 
o f  xii.e., v2 - v1 i . e . ,  v X Dot a t  T2 1 - Y  Dot I I t e r a t i o n s  7 
3 . 8  360 .O 1 -0.68062580 ' 0.5495026 EO -0.69971598 EO ~ 5 1 -0.70685743 EO 1 0.40013314 -0.51534094 EO j 
360.0 -0.13166452 E l  0.60437789 E-1  1 -0.49458454 EO 1 -0.87135390 EO 1 -0.23408489 EO 1 -E32909258 EO 5 








Difference Reference Orbi t  Reference Orbi t  Reference Orb i t  Number 












X Dot a t  T2 Y Dot a t  T2  Z Dot a t  T2 o f  + r3 + F1 
i . e . ,  v3 - v1 I t e r a t i o n s  

































-0.51458662 E - 1  
-0.48674037 E-l 
-0.52382219 E - 1  
-0.48674037 E-l 







0.10461109 E l  
-0.49460573 EO 




0.58705798 EO 25 















0.25999349 EO 0.37270621 E-1  










Table 34. Resul ts  o f  Mod i f ied  Laplacian PODM f o r  Relay- I1  (Cont 'd )  
Computed X Dot Computed Y Dot True Anomaly - 
r 3  + 
Di f fe rence Reference O r b i t  Reference O r b i t  
X Dot a t  T2 Y Dot a t  T2 Angul$r -+ -+ 
v l  i .e., v3 - v l  
r l  -+ r 2  
i .e . ,  v2 - 
(Degrees ) (Degrees) (CUL/CUT) ( CUL/CUT) 
Computed Z Dot 
Reference O r b i t  Number 
-- 
Z Dot a t  T2 o f  
I t e r a t i  ons 
(CUL/CUT) 
0.56898767 EO 1 7 1  P 





-0.63087748 EO 0.44128080 E-1  0.58437370 EO 
-0.53391142 EO -0.23461233 EO 0.59733711 EO 
0.20119010 EO 0.4509 1972 EO -0.38224743 EO 
-0.22604802 EO -0.49460573 EO 0.49560149 EO 
25 
25 
Table 35. Results of R- I t e ra t ion  PODM f o r  OSO-111 
! 
22.8 68.4 , -0.50000178 EO 
-0.55646495 EO 
True Anomaly I Computed X Dot Computed Y Dot Computed Z Dot 
Anqul a r  I Difference ' Reference Orbit Reference Orbi t  Reference Orb i t  Number 
-0.84474399 EO 
-0.77864062 EO 
X Dot a t  T2  Y Dot a t  T2  Z Dot a t  T 2  of  
I t e r a t i  ons 
$3 + F1 
+ "  r l  + $2 
i . e . ,  v2 - v1 i . e . ,  v3 - u1 , 
(Degrees) (Degrees) ( C U L / C U T )  (CUL/CUT) ( C U L / C U T )  
-0.30194235 E-1 
-0.25549497 EO 











11.4 -0.67303769 EO 
-0.70685743 EO 
22.8 -0.68262750 EO 
, -0.70685743 EO ' 
45.6 -0.72791534 EO 
-0.70685743 EO I 
45.6 -0.78954637 EO 
-0.76862972 EO 
45.6 NO DATA 













-0.45529692 EO I -0.68089611 EO 
-0.55646495 EO -0.77864062 EO 
-0.61114236 EO 7 
-0.51534094 EO 
i 
-0.70650216 EO 10 
-0.51534094 EO 
-0.67776446 EO 10 
-0.49963709 EO 
NO DATA NO 
-0.4-92297 EO 
0.20859521 El 













Table 35. Resul t s  of R - I t e r a t i o n  PODM f o r  OSO-I11 (Con t ' d )  
True Anomaly 
Angular Di f fe rence  
r l  + f, $3 + $1 
+ 
1 
Computed _ -  X Dot 
Reference Orb i t  Reference Orb i t  Reference Orb i t  Number 
- Computed Y Dot Computed _ -  Z Dot 
X Dot a t  T2  Y Dot a t  T2 Z Dot a t  T2 of 
I t e r a t i o n s  
45.6 360 .O 0.2686914a EI 0.61834314 EO -0.45069544 EO 25 
-0.87135390 EO -0.23408489 EO -0.3290925a EO 
1 . e . ,  v2 - vl i . e . ,  ~3 - V I  
(Degrees ) (Degrees ) ' ( C U L / C U T )  ( C U L I C U T )  
(1) Computer h a l t  p r i o r  t o  i t e r a t i o n  loop 
(CUL/CUT)  
I 
3.8 360 .O o.ioa41023 EI -0.14663795 EO 0.1521416a EO 25 
c 




. r l  + r2 












Di f fe rence -+ r3 + T1 
(Degrees) 











Computed X Dot 
Reference O r b i t  
X Dot a t  T2 





















Computed Y Dot 
Reference O r b i t  
Y Dot a t  T2 
(CUL/CUT) 
-0.49981041 E - 1  
-0.48674037 E-l 
-0.52202059 E - 1  
-0.48674037 E-l 
-0.54280921 E- 1 
-0.48674037 E-l 














Computed Z Dot 
Reference O r b i t  




















-0.78652931 E - 1  
0.37767977 EO 
Number 
o f  











Table 36. Results o f  R-Iteration PODM for Relay-I1 ( C o n t ' d )  
True Anomal Computed X Dot 
Difference Reference Orbit 
X Dot a t  T2 
i . e . ,  v2 - 
(Degrees) ( CUL/  CUT) 
Computed Y Dot 
Reference Orbit Reference Orbit Number 
Computed Z Dot 
Y Dot a t  T2 Z Dot a t  T2 o f  
I terat ions 
( C U L / C U T )  (CUL/CUT)  
' -0.19164933 E - 1  -0.33057738 ,EJ ' 0.49087828 E - 1  
~ -0.65562172 EO 1 -0.48674037 E - 1  0.58641873 EO 2.5 25 
'I 
21.0 I 360.0 ' 0.80376633 EO -0.61899776 E - 1  -0.84950024 EO 25 
-0.53391142 EO 1 -0.23461233 EO 0.59733711 EO I 
60.0 
I 
360 .O ' -0.17054887 E l  ' -0.11853038 E l  I 0.23051794 E l  11 
, -0.22604802 EO -0.49460573 j 0.49560149 EO ; j 
Table 37. Resul ts  of Herrick-Gibbs PODM f o r  OSO-I11 
-0.77687066 EO 0.14025474 E l  
-0.77864062 EO 0.55149247 E-1 
-0.76854725 EO 0.21244346 E l  
-0.77864062 EO 0.55149247 E-1 
-0.88721359 EO 0.24905497 EO 
-0.88905191 EO 0.24948641 EO 
-0.84943977 EO 0.39986042 EO 
-0,86372645 FD 0.40548748 
True Anomaly Computed -- X Dot 1 Computed -- Y Dot ' Computed Z Dot 
@gul $r D i+f f e r e+n c e Reference Orbit Reference Orbit Reference Orbit Number 
Z Dot a t  T 2  o f  X Dot a t  T 2  Y Dot a t  T 2  
I t e r a t i o n s  
r l  -+ r2 r 3  -+ r l  i . e . ,  ~2 - v1 i . e . ,  v3 - V I  
(Degrees ) (Degrees ) (CULICUT) ( CU L/  CUT) (CULICUT) 
N/A 
















11.4 -0.70645695 EO 
-0.70685743 EO 
22.8 ' -0.70643282 EO 
-0.70685743 EO 
45.6 -0.70629247 EO 
-0.70685743 EO 
45.6 -0.76818828 EO 
-0.76862972 EO 
45.6 -0.83577205 EO 
-0.83592404 EO 
45.6 -0.31078045 E-2 
-0.55646495 EO 
68.4 -0.55558350 EO 
-0.55646435 EO 




Table 38. Results o f  Herrick-Gibbs PODM f o r  Relay-I1 
True Anomaly Computed X Dot Computed Y Dot Computed Z Dot ' D i f ference Reference O r b i t  Reference O r b i t  Reference O r b i t  Number 
X Dot a t  T2 Y Dot a t  T2 Z Dot a t  T2 o f  
(CUL/CUT) (CUL/CUT) ( CUL/CUT ) (1) 
-f 
Angular 
rl -+ F2 I r3 + Fl 
i .e.,  v2 - 
( Degrees) 
+ 
I t e r a t i o n s  v3 - vl i .e. 








































-0.35627838 E - 1  
-0.48663300 E - 1  0.58645073 EO 
-0.48674037 E-l 0.58641873 EO 
-0.48675139 E - 1  0.58660992 EO 
-0.48674037 E-l 0.58641873 
-0.486622 18 E- 1 0.58664349 EO 
-0.48674037 E-l 0.58641873 EO 
-0.77898726 E - 1  0.59100122 EO 

























Table 38. Resu l t s  of  Herrick-Gibbs PODM f o r  Relay-I1 (Con t ' d )  
(Degrges) 1 (CUL/CUT) 
True Ar 
Ang u l 2 r  
i . e . ,  v 2  - v l  
(Degrees) 
3 
. r l  + r 2  
1 (CUL/CUT) 1 (CUL/CUT) 
2.5 
21.0 
60 .O -0.43829390 EO 
-0.22604802 EO 
na ly  1 Computed X Dot 
Difference Reference Orbit 
-0.50943763 EO 0.68517316 EO 
-0.49460573 EO 0.49560149 EO 
I Dot at T2 + r3 .+ T1 i . e . ,  v 2  - v 1  
Computed Y Dot I Computed Z Dot 
Reference O r b i t  Reference Orbit 
Y Dot a t  T2 1 Z Dot a t  T2 
360.0 -0.67240405 EO 
-0.65562172 EO 
360 .O 1 -0.64066348 EO 
' -0.53391142 
-0.46594379 E - 1  1 0.59939317 EO 
-0.48674037 E-l 0.58641873 EO 
0.68697493 EO 
-0.23461233 EO 0.59733711 EO -0.23290743 EO - 
360 .O 
(1) No i t e r a t i o n  loop ex i s t s  
Number 
of 
I t e r a t i o n s  
N/A 
N/A 
N / A  
-. I R  , 
Table 39. Computation Resul t s  from T r i l a t e r a t i o n  PODM 
Parameter 
Computed X-Dot 
Reference Orb i t  X-Dot 
Computed Y-Dot 
Reference Orb i t  Y-Dot 
Computed Z-Dot 
R e f e r e n c e O r b i t  Z- Do t 
Computed Semimajor Axis 
Reference Orb i t  Semimajor Axis 
Computed Eccen t r i c i ty  
Reference Orb i t  E c c e n t r i c i t y  
Computed Longitude of Ascending Node 
Reference Orb i t  Longitude of Ascending Node 
Computed Orb i t  I n c l i n a t i o n  
Reference Orb i t  Orb i t  I n c l i n a t i o n  
Computed Argument of Perigee 






0.10715168 E l  
0.10866609 El 




-0.48379221 E l  
-0.34856807 El 
RELAY - I I 








0.21387843 E l  
0.22064792 
-0.11822875 E l  
-0.13234053 El 
Table 40. Angles Only and Mixed Data PODM C lass ica l  O r b i t a l  Element Comparisons - Semimajor Ax is  
True Anamoly Method 
Gauss 
(Angles 
Doubl e-R Mod i f ied  
Lap1 ace I t e r a t i o n  Laplac ian R - I t e r a t i o n  Herrick-Gibbs 
( Ang 1 es (Angles (Mixed ( M i  xed (Mixed 
' Nominal semimajor ax is  from reference o r b i t  (Ear th  R a d i i )  
, 1.0866609 f o r  O S O - I 1 1  
- ---
--
Only) , Only) 
3.8 











~ Only) Data) , Data) Data) 
11 .4  













































2.6172861 No Data 
No Data No Data 
No Data 0.88413473 
No Data No Data 

























Nominal semimajor a x i s  from re fe rence o r b i t  (Ear th  Radi i ) 
1.7448736 f o r  RELAY-I1 
-- ---
---
I 2.5  
2.5 
2 .5  


































3.0014965 : 5.1725237 













True Anamoly Method 
Gauss 
i .e. ,  (Angles 
~ (Degrees) (Degrees ) 
0.0090209644 No Data 
0.0031179903 No Data 
0.0023833076 No Data 
0.0016172480 No Data 
0.52162234 0.62995502 
No Data N O  Data 
No Data No Data 
No Data No Data 
0.0054796699 No Data 
0.33483581 0.65056730 
No Data No Data 




Nominal e c c e n t r i c i t y  from reference  o r b i t  
0.0021640595 f o r  O S O - I I I  
Doubl e-R 
I t e r a t i o n  
(Angl es  
Only 1 
Modified 
Lapl ac i  an 
(Mixed 
R-I t e r a t i o n  
(Mixed 
Data) 



























































































































































Table 42. Angles Only and Mixed Data PODM Classical Orbital Element Comparisons - 
Longitude of Ascending Node 
True Anamoly 
+ 
r l  + ?3 
v3 - vi 
-f r l  -f F2 
i . e . ,  v2 - vl 






Gauss Lapl ace 
(Angl es (Angl es 
Only) 
-1 
Nominal 1 on i tude of ascending node from reference o r b i t  
- 2 . 2 4 6 0 5 k n q  --- f o r  O S O - I I I  
Nominal lon i tude of ascending node from reference o r b i t  
2.2064792 + r ad iansFfo r  R E L A Y - I F  - 
3.8 11.4 i.oi2625a -2.2767968 -2.2666136 
3.8 22.8 -2.2784461 No Data -2.1376049 -2.2636157 -2.2599112 
3.8 45.6 -2.2785933 No Data -2.3031889 -2.2554272 -2.2630652 
11.4 45.6 -2.2784670 No Data No Data -2.2697945 -2.2035252 
22.8 45.6 -2.2800338 U -2.3766156 -2.2481640 -2.3692610 No Data 
22.8 1 45.6 No Data No Data No Data -2.4006765 No Data 
22.8 68.4 No Data No Data No Data -2.7372935 2.5108421 
22.8 111.6 No Data No Data -0.67519090 ~ -2.4489075 2.6737071 






20 .o  
20.0 











































































































+ +  
v3 - V I  
I (Degrees) (Degrees 1 
+ :2 r l  " r 3  
1 .e., v2 - v1 
Table 43. Angles Only and Mixed Data PODM Class ica l  O r b i t a l  Element Comparisons - 
Argument o f  Perigee 
Method 
o f  Doubl e-R Modi f i ed 
Gauss Lap1 ace I t e r a t i o n  Laplacian R- I te ra t i on  Herrick-Gibbs 
(Mixed (Mixed (Mixed 
Only) Only) Only 1 Data) Data) Data) 
(Angles (Angles (Angles 
,Nominal a r  ument o f  per igee from reference o r b i t  















































Nominal a r  ument o f  per igee from reference o r b i t  
























































































































































Table 44. Angles Only and Mixed Data PODM C l a s s i c a l  O r b i t a l  Element Comparisons - 






Doubl e-R Modi f i ed 
Lap1 ace I t e r a t i o n  Laplacian R- I t e ra t ion  Herrick-Gibbs 
[Angles (Angles (Mixed (Mixed , (Mixed 
1 Only) i Only) Data) I Data) Data) 
Nominal o r b i t a l  i n c l i n a t i o n  from r e f e r e n c e  o r b i t  



















No Data 1.1021145 0.62999778 0.64063228 
No Data 1.4583617 0.65878711 0.66282570 
No Data 2.0592190 0.66558984 0.65726740 































Nominal o rb i  t a l  i n c l  i n a t i  on from r e f e r e n c e  o r b i t  
0.808482-i ans ) f o r  R E L m I  
No Data 0.80844311 
No Data 0.80791993 
0.72791660 0.80716883 
No Data 0.80603485 
No Data 0.80530187 















21 .o 360.0 I No Data 
60 .O i 360.0 1 No Data i No Data 0.31354446 1 

























Table 45. Average Number of I t e r a t ions  Using  Both 
OSO-I11 and Relay-I1 Orbit  Results 
PODM 
Method of Gauss 
Lapl ace 
Double R-I t e r a t i  on 
Modified Laplacian 
R- I t e r a t ion  
Herrick-Gi b b s  
Tril a t e ra t ion  
*Two I t e ra t ion  1 oops 
I 






Not appl i cab1 e 
Not applicable 
~ ---I 
Table 46. Best Overall Results f o r  
Radius Vector Spread t o  360' 
Radius Vector Spread 
65' < v < 360' 
30' < v < 65' 
v < 30' 
Undetermined 
PODM 
Herri ck-Gi bbs  
Method of Gauss 
Modified Laplacian 





Table 47. Considerations for Select ing Optimum PODM 
. . 
PODM I ComputaLn-Time- 
Herri ck-Gi bbs 1 
Modified Laplacian 2-3 
Method of Gauss 7 
R- I t e r a t i  on 6 
Double R-I terat ion 4- 5 
Lap1 ace 4- 5 




._ _ _  
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